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A B S T R A C T 
The work reported i n t h i s thesis describes the development of a 
new f l a sh tube detector p a r t i c u l a r l y suited to nuclear accelerator 
experimentation, 3nd s p e c i f i c a l l y considers i t s appl ica t ion to the 
detection of high energy photons. 
A f l a s h tube detector has been developed with character is t ics 
which permit e f f i c i e n t operation i n a background rad ia t ion f l u x of 
about icr\ particles/tubs/second and at r e p e t i t i o n rates of the 
order 1 KHz. The v i a b i l i t y of i t s appl ica t ion to accelerator 
physics was investigated and v e r i f i e d using the DNPL e + accelerator 
beam with a chamber containing d i g i t i z e d f l a sh tubes l inked to a 
computerized data acquis i t ion system. 
Appl ica t ion of the device to the detection of high energy 
photons has also been made with the chamber, by simulating photon 
induced electromagnetic showers wi th pos i t rons , i n the energy range 
0.5 - 4.0 GeV. Results from t h i s series of experiments have shown 
that both energy and spa t ia l information may be obtained from a 
chamber constructed wi th large diameter tubas and of small overa l l 
size,. The energy and spa t ia l reso lu t ion of the device have been 
measured as a func t ion of energy and shown to compare favourably wi th 
more complex and expensive techniques. 
Analysis of the shower data has also demonstrated that several 
improvements are possible. These improvements have been incorporated 
i n the design of a new chamber capable of operating at r e p e t i t i o n 
rates up to lKHz. and which should measure the energy and t r a j e c t o r y 
of incident photons wi th a greater precis ion than i s possible wi th many 
conventional instruments. 
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C H A P T E R O N E 
INTRODUCTION 
Following the in t roduc t ion of the cloud chamber by Wilson ( l ) 
i n 1912,nuclear physics has experienced a rapid growth i n the 
development of nuclear p a r t i c l e detecting techniques. In p a r t i c u l a r , 
1928 marks a s i g n i f i c a n t time i n the h i s to ry of e lec t ronic detectors 
with the advent of the Geiger-Muller counter ( 2 ) . Since then a vast 
number of new and diverse detecting instruments have been invented.. 
One such instrument i s the neon f l a sh tube detector , introduced by 
Conversi and Gozzini (3) i n 1955, which has contributed s i g n i f i c a n t l y 
i n the f i e l d of cosmic ray physics. 
Nuclear detectors of a l l forms can be subdivided in to three broad 
categories; continuously sensitive detectors l i k e the Geiger-Muller 
counter, proport ional counter , s c i n t i l l a t i o n counter and d r i f t 
chamber*, non-triggerable detectors l i k e the bubble chamber and cloud 
chamber; and t r iggerable devices such as the mult ielectrode sparks-
chamber, streamer chamber and p ro jec t ion chamber. The f l a sh tube may be 
c l a s s i f i e d i n the l a t t e r group, under the general heading of e l e c t r i c a l l y 
pulsed chambers. A l l detectors of t h i s c l a s s i f i c a t i o n consist essen t ia l ly 
of a volume of gas contained between electrodes to which an impulsive 
e l e c t r i c f i e l d i s applied a f t e r the passage of an ion iz ing p a r t i c l e . 
A charged p a r t i c l e , while t ravers ing a gaseous volume w i l l 
lose some of i t s energy i n the form of exc i t a t i on and ion iza t ion . 
In neon, the most commonly used gas, the t o t a l i on i za t i on produced at 
atmospheric pressure by a minimum ion iz ing p a r t i c l e i s about 30 ion 
pairs cm Thus, the appl ica t ion of an intense e l e c t r i c f i e l d , 
immediately a f t e r ion iza t ion has occurred, causes f ree electrons 
created i n the gas to avalanche, thereby i d e n t i f y i n g the pa r t i c l e 
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t r a j e c t o r y with a v i s i b l e discharge. 
I t is the geometry of the contained gas arrithe magnitude and 
temporal behaviour of the applied f i e l d which decides the nature 
of the detector . Three modes of operation have been employed? a very 
short high voltage pulse of a few nanoseconds allows the avalanche 
to grow only to the size of streamers (streamer chamber), a pulse of 
some ten nanoseconds duration permits a b r igh t avalanche across the 
width of the gaseous volume (spark chamber), and a pulse of the order 
of some microseconds allows a l a t e r a l spread of the discharge 
through the whole gaseous volume ( f lash tube) . 
A t y p i c a l f lash tube detector consists of a sealed soda glass 
tube between 0.5cm and 2cm i n diameter, up to several metres i n length , 
and f i l l e d with a neon-helium gas mixture,. Tubes are placed adjacent 
t o each other i n layers between metal electrodeso Auxi la ry de tec to rs , 
such as p la s t i c s c i n t i l l a t o r s , are placed e i ther side of the electrodes 
such tha t coincident signals from each detector s i g n i f y the passage of 
an ion iz ing pa r t i c l e which can be made to t r i g g e r a pulse generator 
and provide ah impulsive e l e c t r i c f i e l d . The f i e l d i s applied f o r a 
s u f f i c i e n t time to allow the discharge to propagate along the length 
of the tube such that a photographic record or d i g i t i z a t i o n pulse can 
eas i ly be made. In t h i s way, a stack of tubes forms an e f f i c i e n t 
t rack locator f o r ion iz ing p a r t i c l e s , providing a simple and r e l i ab le 
device p a r t i c u l a r l y suited to experiments where large sensit ive 
volumes are required^ 
In comparison with spark chambers, an array of f l a s h tubes has 
many features which commend i t « The elemental nature of i t s construction 
gives a high mul t i t r ack e f f i c i e n c y which i s important when the density 
of incident pa r t i c l e s i s large. This i s one reason why the device 
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has been favoured by cosmic ray physicis ts f o r the study of extensive 
a i r showers. Other advantages include low cost , s i m p l i c i t y , r e l i a b i l i t y * 
low power requirements and ease of rearrangement f o r d i f f e r e n t detecting 
geometrieso Adversely , the device has the disadvantages of having a 
poor spa t ia l r e so lu t ion , contains a large amount of in te rac t ing material 
and is unable to operate at high r e p e t i t i o n rates and i n a high 
background r ad i a t i on . The l a t t e r characterist ics, have prevented the 
device being used i n accelerator experiments and account f o r i t s 
appl ica t ion being l im i t ed to cosmic ray physics where the operating 
requirements are less s t r ingent . In place of the f l a s h tube, accelerator 
physics has favoured use of the spark chamber and the many advantages 
and po ten t i a l applicat ions of the device have been disregarded. 
Despite the numerous invest igat ions which have been made regarding 
the operation and working properties of the f lash-tube device (4,5) l i t t l e 
improvement has been made to i t s performance u n t i l r ecen t ly , when 
research groups working at the Frascat i Accelerator Laboratory and a t 
the Univers i ty of Durham have stimulated in te res t i n applicat ions to 
acc&erator phy6ic6. The purpose of t h i s thesis i s to describe the 
development and appl ica t ion of a new type of f l a sh tube detector which 
i s capable of operating under the more adverse conditions peculiar to 
accelerator experimentation. 
4 
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C H A P T E R T W O 
PROPERTIES OF FLASH TUBES 
I t i s necessary to begin t h i s thesis with a b r i e f summary of 
resul ts from many invest igat ions by other workers concerning the 
properties arrl charac ter is t ics of f l a s h tube devices. In pa r t i cu la r , 
properties and d e f i n i t i o n s of terms are given which are relevant to 
experimental work described i n subsequent chapters. 
2 o 1 The Discharge Medianism 
•Recent work by Holroyd ( l ) has shown t h a t the discharge mechanism 
i n neon f l a sh tubes i s a combination of Townsend and streamer avalanche • 
processes ( 2 , 3 ) , For long high voltage pulses, discharges occur at 
f i e l d s as low as 1KV cm favouring a Townsend mechanism. For shorter 
pulses ( 0 . 4 y s ) , however, much higher f i e l d s of about oKV cm * are 
required before breakdown w i l l occur. This indicates t h a t f o r short 
high voltage pulses, when there i s i n s u f f i c i e n t time f o r a Townsend 
discharge to develop,streamer breakdown w i l l occur provided the f i e l d 
strength i s large enough. In intermediate cases the discharge i s 
probably a mixture of both. 
Provided the e l e c t r i c f i e l d i s applied f o r a s u f f i c i e n t t ime, 
the discharge w i l l be propagated along the length of the tube. This 
can be explained i n terms of the high i n t ens i t y of u l t r a v i o l e t photons . 
emitted from each discharge (5) and the large photoelectr ic y i e l d from 
soda glass (6 ,7) which r e su l t i n a copious supply of secondary electrons 
to i n i t i a t e f u r t h e r discharges along the length of the tube. By th i s 
process the discharge spreads, from the point of i n i t i a l i o n i z a t i o n , at 
a f i n i t e velocity, , The ve loc i ty of propagation has been measured by 
8 —1 
Ayre et a l (4) to be 6»7 x 10 cm s i n the case of neon tubes f i l l e d 
at 2.3 atmospheres pressure. 
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Holroyd and Breare ( 8 ) have shown that the l i g h t emission from 
a tube las ts f o r a time of approximately l u s , even though the applied 
f i e l d may ex i s t f o r much longer.. This implies that each avalanche 
quenches i t s e l f and the en t i re avalanche i s extinguished soon a f t e r 
i t reaches the end of the tube. The quenching i s explained by charges, 
created by each discharge, co l l ec t i ng on opposite sides of the glass 
tube and counteracting the applied f i e l d o 
2 o 2 Detecting E f f i c i e n c y 
One of the most important character is t ics of the f l a sh tubs i s 
the p robab i l i t y that i t w i l l reg is te r an event a f t e r an ion iz ing 
p a r t i c l e has passed through i t . In th i s respect two terms have been 
def ined; the i n t e rna l e f f i c i e n c y , which i s the p r o b a b i l i t y that a tube 
w i l l i gn i t e a f t e r a p a r t i c l e has passed through i t s gaseous volume, 
and the layer e f f i c i e n c y , which i s the p r o b a b i l i t y of an incident 
p a r t i c l e being detected by one layer of tubeso The layer e f f i c i e n c y 
i s always less than the i n t e rna l e f f i c i e n c y and i s re la ted by a simple 
geometrical f a c t o r , which i s the r a t i o of the external to the in t e rna l 
diameter (assuming the tubes are i n contact with one another)* 
Experimentally i t i s convenient and more meaningful to measure the 
layer e f f i c i e n c y . 
2 . 2 . 1 E f f e c t of the high voltage pulse magnitude 
Several authors have studied the e f f e c t of varying the pulse 
magnitude ( 9 , 1 0 ) . As expected the e f f i c i e n c y i s low fo r small f i e l d s 
but reaches a plateau having almost 1 0 0 % i n t e rna l e f f i c i e n c y f o r higher 
f i e l d s . Figure 2 . 1 shows t y p i c a l results.. 
2 . 2 . 2 E f f e c t of the high voltage r ise- t ime 
A slowly r i s i n g pulse w i l l sweep electrons out of the tube 
without imparting much energy to them and thus the discharge w i l l 
ext inguish i t s e l f as the electrons reach the tube wa l l without a 
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s i g n i f i c a n t number of electrons having been produced to i n i t i a t e fu r the r 
avalanches. Goxell and Wolfendale (14) have measured the e f f i c i e n c y 
f o r pulse r ise-t imes up to l<>7ys. They used 6mm in te rna l diameter 
tubes at 2o3 atmospheres of neon, and t h e i r resul t s shown i n Figure 
2.2 give a slowly decreasing e f f i c i e n c y as the pulso r ise- t ime is 
increasedo 
2.2.3 E f f e c t of the high yoltHge pulse length 
The length of the high voltage pulse depends on i t s mode of 
generation. A square pulse, derived from a delay l i n e , or an 
exponentially decaying pulse, derived by discharging a capacitor 
through a r e s i s t o r , are commonly used. Holroyd ( l ) has measured 
the e f f i c i e n c y as a func t ion of pulse height f o r several pulse lengths 
using a CR decaying pulse. Figure 2.3 shows her resu l t s f o r pulses of 
0 . 4 , 4.0 and 40ys decay times. These resu l t s show that f o r very 
short pulses of 0.4us the magnitude of the f i e l d had to exceed 7KV cm * 
i n order to obtain a discharge, and even then i t was very f i lamentary 
and d id not f i l l the tube<> For pulses of 4.0Ps the tubes performed 
cor rec t ly and f o r much longer pulses the performance was only s l i g h t l y 
improved at the low voltages. 
2.2.4 E f f e c t of the delay time of the high voltage pulse 
The re la t ionsh ip between the^efficiency.-and the time delay between the 
passage of a p a r t i c l e and the s t a r t of the high voltage pulse has been 
investigated experimentally i n great d e t a i l . The in t e res t i n th i s 
parameter stems from the f a c t that i t can be derived t heo re t i c a l l y 
and a good check on the performance of system can thus be made. 
Furthermore, many experiments require the use of a long time delay e i ther 
to permit decision making c i r c u i t s to operate or to allow pa r t i c l e 
d iscr imina t ion by means of ion iza t ion loss . 
/ 
5 ^ 6 7 i 8 9 10 
peak field {kV cm 1 ) 
Fig 2-1 variation of internal efficiency with field strength, for 
0-6cm internal diameter tubes filled at 2-3 atmospheres 
rise 
1-0 1-5 
time ( J J s ) 
Fig 2-2 variation of internal efficiency with rise time 
for 0-6cm internal diameter tubes filled at 2-3 
atmospheres 
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The e f f i c i e n c y of a f l a s h tube i s dependent on the number of 
electrons remaining i n the sensit ive volume when the high voltage 
pulse i s applied. Electrons created by ion iza t ion w i l l be l o s t by 
d i f f u s i o n to the glass wal ls where they are captured. An accurate theory 
has been developed by Lloyd ( l l ) i n which the number of f ree electrons 
surviving (n) at a time ( t ) i s calculated by solving the d i f f e r e n t i a l 
d i f f u s i o n equation i n . c y l i n d r i c a l geometry.. The e f f i c i e n c y (n) at a 
time delay ( t ) i s re la ted to the p r o b a b i l i t y that there aKe one or 
more electrons remaining by 
T) = 1 - exp ( - f n ) 
whore R . 2Q2 exp / j„ dy 
and where D i s the d i f f u s i o n c o e f f i c i e n t of the e lect rons , f is the 
p r o b a b i l i t y .of . a discharge -being - j formed from one e l ec t ron , r i s 
the i n i t i a l pos i t ion of the e lectron i n polar coordinates, 3 has values 
i n the Bessel series 2.4048, 5.5201, SoSSSTjand Q.dy i s the p robab i l i t y 
of an electron being produced i n an element of path length dy 0 The 
re la t ionships can be applied to any f l a s h tube system by the use of 
appropriate values of D, a, Q and f 0 Lloyd found i t convenient to 
p lo t f| as a f u n c t i o n of Dt/a^ f o r ranges of the value afQ, as shown 
i n Figure 2 .4 . 
Holroyd and Breare 0-2)-have used a Monte Carlo method to study 
the random motion of electrons i n i t i a l l y d i s t r i b u t e d i n the same manner 
as described by Lloyd and have obtained very s imi l a r resultso 
An important parameter used to describe the e f f i c i e n c y i n terms 
of the delay time of the high voltage pulse i s the sensit ive t ime. This 
i s defined as the time a f t e r the passage of a pa r t i c l e f o r the in t e rna l 
e f f i c i e n c y to f a l l to 50&, Flash tubes of 1.6cm i n t e r n a l diameter and 
100 
80 
leot 
20 
-tr 
peak field(KV cm' 1) 
8 10 
Fig 2-3 variation of efficiency with field for different 
pulse lengths (RC). tube internal diameter=1-6cm 
Ne-He pressure = 600 torr 
0-20 
JFi£2-4 variation of efficiency with time delay calculated bv the 
diffusion theory of Lloyd 
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f i l l e d at 6 0 0 t o r r have a sensit ive time of about lOOus, This l i m i t s 
t h e i r operation i n a background rad ia t ion to less than about 10~ p a r t i c l e s / 
tube/second,(see chapter 5 ) . 
2 . 2 o 5 E f f e c t s of the gas mixture 
A l l successful gas f i l l i n g s of f l a sh tubes have used the noble 
gases or mixtures of them. Their use i s associated p r i n c i p a l l y w i t h 
t h e i r low breakdown voltage and the copious emission of u l t r a v i o l e t 
and v i s i b l e r a d i a t i o n . The gas mixture i n most common use i s neon-
helium. The large number of ion pairs produced i n neon by the passage 
of a p a r t i c l e aids the formation of a discharge and gives a longer 
sensit ive time than most other mixtures. Very l i t t l a d i f ference has been 
found w i t h respect to e f f i c i e n c y by varying the neon to helium ra t io* The 
most common mixture i s neon (98%)-Helium (2%) although mixtures i n which 
helium i s the major component (neon (30%)-Hel ium (70%)) i s sa t i s fac to ry ( l 3 ) , 
Unlike spark chambers, which are almost always operated at 
atmospheric pressure, f l a s h tubes can be used without d i f f i c u l t y at 
various pressures; so f a r the pressures adopted have ranged from 2 0 0 Torr 
to 3 atmospheres. Below about 3 0 0 Torr the maximum e f f i c i e n c y attainable 
i s found to f a l l ( l O ) . The reason f o r t h i s i s t w o - f o l d . At low pressures 
the number of ion pairs produced by the pa r t i c l e w i l l on the average 
be smal l , thus the p o s s i b i l i t y of ge t t ing no sui tably placed e lect ron 
i s s i g n i f i c a n t . Second, the rate of avalanche build~up during the- pulse 
w i l l be slow, because the electron mean f ree path i s increased, and 
hence the chance of the electrons being swept out without causing 
s i g n i f i c a n t secondary ion iza t ion i s increased. Invest igat ions a t high 
pressures up to 3 atmospheres have been conducted by Goxell and 
Wolfendale ( 1 4 ) . The purpose of f i l l i n g tubes at high pressure i s to 
obtain a large number of i n i t i a l ion pairs i n a tube of small diameter. 
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F igure 2 .5 shows the t ime de lay c h a r a c t e r i s t i c s f o r tubes o f i n t e r n a l 
diameter 0.55cm a t va r ious pressures . 
The e f f e c t o f gas i m p u r i t i e s i s a lso an impor t an t cons idera t ion . , 
T h e i r e f f e c t i s u s u a l l y to increase the breakdown vo l tage o f the gas , 
decrease the s e n s i t i v e time and to make the spread o f the discharge 
down the tuba more d i f f i c u l t . . For example, oxygen has a la rge cross 
s e c t i o n f o r e l e c t r o n attachment and i t w i l l r e a d i l y remove e l e c t r o n s 
before and d u r i n g the d i s cha rge , thereby i n c r e a s i n g the d i f f i c u l t y o f 
producing a f lasho Al though commercial neon does c o n t a i n a smal l 
amount o f oxygen, Gardener e t a l (15) showed t h a t the c h a r a c t e r i s t i c s 
o f tubes w i t h commercial neon were not app rec i ab ly d i f f e r e n t f r o m tubes 
f i l l e d w i t h s p e c t r o s c o p i c a l l y pure neon, 
2 . 2 . 6 I n t e r n a l c l e a r i n g : f i e l d s 
Under s u i t a b l e c o n d i t i o n s the e f f i c i e n c y - delay t ime c h a r a c t e r i s t i c s 
can be p r e d i c t e d a c c u r a t e l y by L l o y d ' s d i f f u s i o n t h e o r y . I n many 
exper iments , however, anomalous r e s u l t s have been r epo r t ed w i t h e f f i c i e n c y 
values below the p r e d i c t e d v a l u e . The cause o f the discrepancy has been 
a t t r i b u t e d t o c l e a r i n g f i e l d s - b u i l t up by the d ischarges themselves 
( l ) . The phenomenon i s a t t r i b u t e d to the high r e s i s t i v i t y o f the glass 
which r e s t r i c t s the f l o w of charge over the i n s i d e sur face o f the tube 
a f t e r the d i s c h a r g e . The unrecombined charges l e f t on the glass sur face 
a f t e r the d ischarge produce an e l e c t r i c f i e l d . a c r o s s the gaseous volume 
which remove . e l e c t r o n s more r a p i d l y than normal d i f f u s i o n . F i e l d s o f 
a few V cm ^ have been c a l c u l a t e d t o l a s t f o r some minutes a f t e r the 
discharge ( l ) . 
An e f f i c i e n c y - t i m e de lay curve has been measured by Breare e t a l 
(16) f o r a range o f temperatures up to 100°C. F igu re 2 .6 i l l u s t r a t e s 
how the e f f e c t of c l e a r i n g : f i e l d s decreases w i t h decreasing glass 
r e s i s t i v i t y . . I n genera l a decrease i n r e s i s t i v i t y o f approximate ly 
100 
pressure 
10 15 20 
time delay(us) 
25 
Fig 2 5 efficiency- time delay characteristics of 
flash tubes at different gas pressures , 
tube internal diameter =0-6cm .E =6-3 KVcmi 
100 
80 
100 C G 
80WC 60 
40 64 C 
43 C 
20 
2rc 
200 100 
time delay(us) 
Fig 2-6 variation of efficiency wi th time delay at several temperatures, 
tube internal diameter =1-6cm. pressure =600 torr. 
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one order of magnitude occurs f o r a 2S C r i s e i n tempera ture . At tempts 
to reduce the e f f e c t i v e r e s i s t ance of tubes to a s u i t a b l e value w i t h 
a semi-conduct ing coa t i ng have so f a r been u n s u c c e s s f u l . 
2.3 The Recovery Time 
A f i n i t e t ime must e l apse , f o l l o w i n g the i g n i t i o n of a f l a s h t u b e , 
f o r i t to become s e n s i t i v e again and able to r e g i s t e r f u r t h e r i o n i z i n g 
p a r t i c l e s o A p p l y i n g a second high vo l t age pulse before t h i s t ime 
causes the tube t o r e i g n i t e j regard less o f whether o r not a i o n i z i n g 
p a r t i c l e had past th rough i t s s e n s i t i v e volume. The recovery t ime i s 
d e f i n e d as the t ime a f t e r an i g n i t i o n f o r the r e i g n i t i o n p r o b a b i l i t y 
t o f a l l to 50%. This parameter has been measured by Gardener e t a l (15) 
who showed t h a t i t v a r i e d ' c o n s i d e r a b l y w i t h gas c o m p o s i t i o n , be ing 
approximate ly 3s f o r pure neon, but decreasing cons ide rab ly f o r 
i m p u r i t y contents as smal l as 1 p a r t i n 50,000. Commercial f l a s h tubes 
have recovery t imes o f about 0 „ 3 s „ I t i s t h i s c h a r a c t e r i s t i c which 
prevents o p e r a t i o n a t h igh r e p e t i t i o n ra tes and i s p a r t l y respons ib le 
f o r i t s use being c o n f i n e d t o cosmic ray p h y s i c s . 
The long recovery t ime i s not a w e l l understood phenomenon and i s 
d i f f i c u l t t o e x p l a i n i n terms of a simple d i f f u s i o n t h e o r y . A d e t a i l e d 
e x p l a n a t i o n and methods o f overcoming the problem are discussed i n 
Chapter 5o 
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C H A P T E R T H R E E 
THE. CONSTRICTION AND OPERATION OF FLASH 
TUBE DETECTORS. 
3»1 Manufacture of f l a s h tubes 
. F lash tube de t ec to r s can be manufactured w i t h i n a wide range o f 
soda glass tube s i z e s . The most f r e q u e n t l y manufactured de t ec to r s are 
e i t h e r l„6cm i n t e r n a l d iameter , f i l l e d a t 600 t o r r o r 0.6cm i n t e r n a l 
d iamete r , f i l l e d a t 2.3 atmospheres'. Other s izes have, however, been 
made f rom w a l l th icknesses between O.fBlmm and l.Omm, i n s i d e diameter 
between 0.5cm and 5o0cm, and lengths up t o 2<>5m. C a r e f u l s e l e c t i o n 
of the glass i s o f t e n r e q u i r e d , where s p a t i a l accuracy i s of concern , 
t o m a i n t a i n an acceptable to le rance on the ou ts ide d iameter . I t i s 
a l so necessary t h a t the tubas are s t r a i g h t . Th i s can be achieved by 
c o n t r o l l e d h e a t i n g o f the tuba wh i l e r o t a t i n g on r o l l e r s . For the 
manufacture o f tubes a t 600 t o r r the glass tube i s f i l l e d a t the 
r e q u i r e d pressure and heated a t the end u n t i l the excess ou ts ide 
pressure causes the tube t o c o n s t r i c t and f o r m a s e a l . For h igh pressure 
tubas i t i s necessary to f i l l a t a low temperature i n l i q u i d n i t rogen , . 
When the tube rega ins room temperature the pressure reaches 2<>3 
atmosphereso I n o rder t o prevent u l t r a v i o l e t l i g h t t r i g g e r i n g 
ad jacen t tubes i n an a r r a y , i t i s necessary f o r the g lass to be e i t h e r 
pa in t ed o r sleeved i n an opaque m a t e r i a l f o r t h e i r e n t i r e l e n g t h . 
Less conven t iona l f l a s h tube devices have been cons t ruc ted f r o m 
o the r m a t e r i a l s . Bresk in and Charpak ( l ) have operated very smal l 
tubes made f r o m c a p i l l a r y glass o f 1mm i n s i d e diameter by a p p l y i n g the 
impu l s ive e l e c t r i c f i e l d . l o n g i t u d i n a l l y r a t h e r than t ransverse ly w i t h 
respect t o the tube axeso Also f l a s h tube devices cons t ruc ted f r o m 
nylon tube arid honeycomb s t r u c t u r e d polypropylene have r e c e n t l y been 
14 
r e p o r t e d f rom the F r a s c a t i l a b o r a t o r y (2 ,3) . , 
3 . 2 . High Voltage Pulse Generators 
Unl ike spark chambers, f l a s h tubes w i l l operate s a t i s f a c t o r i l y 
even when long pulses w i t h poor r i s e - t i m e s are a p p l i e d . Most pulse 
genera t ing systems work on the p r i n c i p l e of d i s c h a r g i n g a capac i to r 
across a r e s i s t ance to produce a h i g h vo l t age pulse w i t h an e x p o n e n t i a l 
decay. The s w i t c h i n g a c t i o n may be p rov ided by a spark gap, t h y r a t r o n 
o r hard v a l v e . F igu re 3 . 1 shows a bas ic p u l s i n g c i r c u i t of t h i s k i n d . 
• There are many pub l i shed c i r c u i t s f o r genera t ing h i g h vo l t age 
pulses w i t h shor t delays and fas t r i s e t imes which are s u i t a b l e f o r 
f l a s h tube a r r ays ( 4 , 5 , 6 ) . Most systems are t r i g g e r e d by l o g i c 
s i g n a l s of a few v o l t a or l e s s , which must be a m p l i f i e d cons iderab ly 
i n o rde r t o f i n a l l y operate a spark gap o r t h y r a t r o n . A m p l i f i c a t i o n 
i s normal ly obta ined w i t h e i t h e r t r a n s i s t o r Marx genera tors ( 5 , 7 ) , 
va lves (8) o r s i l i c o n - c o n t r o l l e d r e c t i f i e r c i r c u i t s ( 6 , 9 ) * The use 
o f a i r gaps, r a t h e r than t h y r a t r o n s as the f i n a l h igh vo l t age swi t ch 
has the advantage o f cheapness and s i m p l i c i t y . The t r i g e r t r o n ( 1 0 ) , 
i n . p a r t i c u l a r , i s a spark gap device of very simple c o n s t r u c t i o n 
which can be t r i g g e r e d by pulses of less than 1 KV ampl i t ude . F igure 
3 .2 shows a t r i g e r t r o n cons t ruc t ed w i t h a tungs ten t r i g g e r e l ec t rode 
mounted i n the e a r t h side o f the s w i t c h . This device operates s a t i s f a c t o r i l y 
up to 30KV and i s t r i g g e r e d by a negat ive 5KV pu l s e . Much smal le r 
t r i g g e r pulses can be used i f a barium t i t a n a t e c o l l a r i s i n s e r t e d 
around the end o f the tungs ten t r i g g e r e l ec t rode (4)> 
Recen t l y , a new type o f hydrogen t h y r a t r o n j m a n u f a c t u r e d by 
E n g l i s h E l e c t r i c L t d , has p rov ided a means o f o p e r a t i n g f l a s h tube 
devices a t very h i g h r e p e t i t i o n r a t e s . A system b u i l t w i t h the new 
t h y r a t r o n and capable o f s w i t c h i n g 20KV and 1000 amps a t IKHz i s 
descr ibed i n s e c t i o n 8 .4 . 
QQOOCKT 
O O Q O O O 
!/ L _ 4- -> 
Fig 3.1 a simple f l a s h tube pulsing circuit 
Perspex Locking screw for 
• . trigger electrode 
Earth 
Trigger 
Tungsten trigger 
Glass electrode 
sleeving 
Fig 3-2 an air t r iga t ron spark gap 
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3.3 Output I n f o r m a t i o n 
Photographic o r v i s u a l techniques were f i r s t used,but s eve ra l 
f i l m l e s s techniques have been developed du r ing the l a s t few years as 
b igger a r rays and h igher r e p e t i t i o n r a t e s have been employedo 
3 . 3 . 1 Photographic .Method 
L i g h t emiss ion i s predominant ly i n the y e l l o w - r e d r eg ion of the 
spectrum.corresponding to the most in tense l i n e s o f neon and heiiurrio 
For photographic r e c o r d i n g most f a s t r e d - s e n s i t i v e f i l m s have been 
s u c c e s s f u l l y t r i e d , f o r example I l f o r d Mark V and HP3, Kodak T r i X 
and the very f a s t Kodak 2475 and 2403 a 
M i r r o r systems are o f t e n necessary w i t h l a rge ar rays i n o rde r t o 
reduce the angle subtended by the tubes a t the camera. Such systems 
are normal ly arranged so t h a t the o p t i c a l path lengths f rom each 
group of tubes i s rough ly the same ( l l ) o Th i s permi t s the use o f a 
large aper ture lens w i t h o u t loss of d e f i n i t i o n , u n l i k e spark chambers 
where the lens must be stopped down so as t o g ive a depth o f focus 
equal t o the chamber depth . 
3.3 „ 2 L i g h t sensing method 
Reines (12) has repor ted a technique developed f o r use i n the 
South A f r i c a n underground n e u t r i n o exper iment . Th i s l a rge experiment 
uses about 60,000 neon f l a s h - t u b 3 s o f l eng th two metres . Because o f the 
la rge area covered by the tubes photography i s ex t r eme ly d i f f i c u l t . A 
technique h3s been developed which e l e c t r o n i c a l l y records the tubes 
which have f lashedo The i n f o r m a t i o n i s then d i s p l a y e d on a hodoscope 
which can be photographed more e a s i l y . 
A cadmium se lsn ide c e l l i s p laced i n f r o n t o f each f l a s h tube 
and i s connected to a s i l i c o n - c o n t r o l l e d r e c t i f i e r and assoc ia ted 
e l e c t r o n i c s t o a l i g h t bu lb on the hodoscope system. The l i g h t ou tpu t 
f rom the tube i s de tec ted by the cadmium selenide c e l l as 3 change i n 
r e s i s t ance o f the c e l l . This change i s de tec ted by the s i l i c o n - c o n t r o l l e d 
r e c t i f i e r which consequently switches on a l i g h t bu lb on the hodoscope 
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board . Th i s i s then photographed and scanned i n the normal way. 
3 .3 .3 The v i d i c o n method 
H a r r i s o n and Ras t in (13) have developed a system i n which a f l a s h 
tube a r r ay i s observed by a v i d i c o n camera. A standard 405 l i n e 
system i s used, w i t h the 25 frames per second produc ing a l i n e scan 
p e r i o d o f 9£jfis* The v i d i c o n photocathode i s scanned by the e l e c t r o n 
beam i n a d i r e c t i o n p a r a l l e l t o the image of the f l a s h tube l a y e r s . 
A p u l s e , which i s r e g i s t e r e d when the scan o f the e l e c t r o n beam moves 
across a f i d u c i a l bu lb a t the s t a r t o f the f l a s h tube l a y e r , i s used 
t o gate a 2MHz t i m i n g s i g n a l . I f a tube has f l a s h e d i n a p a r t i c u l a r 
l a y e r i t s coord ina te i s determined i n terms o f the s i g n a l f r equency . 
The data f rom each l aye r of tubes are i n i t i a l l y placed i n temporary 
storage sca le rs and then t r a n s f e r r e d to a magnetic core s t o r e . 
3 . 3 . 4 The Spark Tube 
Bacon and Nash (14) have developed a f l a s h tube i n which sealed' 
e l ec t rodes are added. The e l ec t rodes were 1mm wide copper s t r i p s on 
a t h i n p a x o l i n card seperated by 1mm and runn ing n e a r l y the whole 
l eng th o f the t ube . When the tube f l a s h e d , a vo l tage pulse was 
obta ined f rom the s t r i p s owing to breakdown across the i n s i d e o f the 
t u b e . They found t h a t spur ious discharges o c c a s i o n a l l y occurred 
between the s t r i p s but were e l i m i n a t e d by the a d d i t i o n o f a quenching 
agent . I n t h i s case e t h y l a l c o h o l a t a pressure o f 30 Tor r was added 
t o neon a t 1 atmosphere. 
3 .3 .5 E x t e r n a l probe method 
Ayre and Thompson (15/ have developed a very s imple and e f f e c t i v e 
method o f de te rmin ing e l e c t r o n i c a l l y whether or not a tube has f l a s h e d . 
T h e i r technique i s used on the Durham U n i v e r s i t y MARS spect rograph. 
A smal l probe i s placed close t o the end window o f each f l a s h t u b e . A 
pulse o f severa l hundred v o l t s ' can be obta ined f r o m the probe when the 
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tube f l a s h e s . By t a p p i n g - o f f f r o m a r e s i s t o r ne twork , the pulse may 
be a t tenua ted and used t o d r i v e conven t iona l l o g i c e l e c t r o n i c s 
d i r e c t , w i t h o u t a m p l i f i e r i n t e r f a c i n g . 
The pulse i s produced by c a p a c i t i v e coup l i ng between the h igh 
vo l t age e l e c t r o d e and the probe when the tube i g n i t e s . Dur ing a 
discharge the gas becomes a conduct ing medium and increases the 
c a p a c i t i v e c o u p l i n g such t h a t a la rge pulse i s t r a n s m i t t e d t o the 
probe. The probe pulse w i l l thus have the same p o l a r i t y and shape 
as the e l ec t rode pu l s e . 
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C H A P T E R F O U R 
APPLICATIONS OF FLASH TUBE DETECTORS • 
4 . 1 I n t r o d u c t i o n 
The f l a s h tube d e t e c t o r has been used e x t e n s i v e l y i n cosmic ray 
phys ics f o l l o w i n g i t s i n t r o d u c t i o n by. Convers i and Gozz in i i n 1955 ( l ) -
Since then the device has been used, i n preference to spark chambers, 
f o r a vas t number of cosmic ray exper iments . Cosmic ray physics has 
favoured the use o f the device because o f i t s robus tness , ease of 
o p e r a t i o n , s imple d i g i t i z a t i o n , low cos t and a b i l i t y t o cover la rge 
areas* Use o f the device has been r e s t r i c t e d to cosmic ray physics 
because o f i t s i n a b i l i t y t o operate i n a h igh r a d i a t i o n background and 
a t h i g h r e p e t i t i o n r a t e s . Never the le s s , i n t h i s f i e l d alone the 
device has been s u c c e s s f u l l y employed f o r a v a r i e t y of d i f f e r e n t 
d e t e c t i n g a p p l i c a t i o n s . L i t t l e improvement has been made to the 
performance of the f l a s h tube s ince i t s i n t r o d u c t i o n , but growing 
i n t e r e s t i n a p p l i c a t i o n s to a c c e l e r a t o r experiments has r e c e n t l y 
s t i m u l a t e d f u r t h e r i n v e s t i g a t i o n s t o produce a more s a t i s f a c t o r y tube . 
The aim of t h i s chapter i s t o g ive a b r i e f rev iew o f past a p p l i c a t i o n s 
i n cosmic ray physica and some poss ib le f i e l d s o f a c c e l e r a t o r 
expe r imen ta t i on where the f l a s h tube d e t e c t o r may be e x p l o i t e d . 
4 . 2 . Cosmic ray physics 
Cosmic ray phys ics has used the f l a s h tube technique t o loca t e 
h igh energy cosmic ray p a r t i c l e s i n a vas t number o f exper iments . There 
are f i v e main areas o f s tudy where the f l a s h tube d e t e c t o r has c o n t r i b u t e d : 
momentum and charge measurement using magnetic spec t rographs , the s t r u c t u r e 
o f ex tens ive a i r showers, the search f o r f r a c t i o n a l l y charged p a r t i c l e s , 
the d e t e c t i o n of neu t r ino i n t e r a c t i o n s and the d e t e c t i o n o f heavy 
pr imary cosmic p a r t i c l e s i n ba l loon-borne e x p e r i m e n t s « 
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4 . 2 . 1 Magnetic Spectrographs 
Large f l a s h tube spectrographs have been developed a t Durham and 
Nottingham U n i v e r s i t i e s du r ing the past l b years f o r measuring the 
cosmic ray muon spectrum a t sea l e v e l . These devices u t i l i z e l aye r s o f 
f l a s h tubes f o r d e f i n i n g the t r a j e c t o r y of charged p a r t i c l e s through 
a magnetic f i e l d . Spectrograms of t h i s type normal ly have maximum 
de tec tab le momentum (mdm) c h a r a c t e r i s t i c s i n the TeV r e g i o n and la rge 
c o l l e c t i n g areas i n comparison w i t h o ther devices us ing spark chambers, 
Geiger counters or c loud chambers ( 2 ) . 
One o f the l a r g e s t and most s o p h i s t i c a t e d o f these 
devices i s MARS ( 3 ) , the Durham 'Magnetic Automated Research Spec t rog raph ' . 
This 300 t o n spectrograph has an mdm of 5.85 TeV/c and an i n t e g r a l 
Bdl value o f about 8 x 10^ gauss=> cnu D i g i t i z e d i n f o r m a t i o n , taken 
f r o m the f l a s h tubes by means of Ayre - Thompson probes (see s e c t i o n 
3 . 3 . 5 ) i s f e d d i r e c t l y i n t o an o n - l i n e computer. 
4 . 2 . 2 Extensive A i r Showers 
The f l a s h tube chamber i s p a r t i c u l a r l y suited, t o the •dtudy o f 
ex tens ive a i r showers because o f i t s m u l t i - t r a c k e f f i c i e n c y . Unl ike 
the spark chamber, a r rays of f lash tubes are capable of r e g i s t e r i n g 
m u l t i p a r t i c l e events w i t h h igh e f f i c i e n c y over l a rge areas. 
One o f the l a r g e s t o f these d e t e c t o r s i s i n s t a l l e d a t K i e l ( 4 , 5 ) 
and i s used to study the e l e c t r o n component o f a i r shower cores . The 
2 
chamber has. a d e t e c t i n g a re a ".of 31m...and con ta ins 180,000 f l a s h 
t u b e s , 1cm i n diameter and approximate ly 1cm i n l e n g t h . These smal l 
tubes are placed between two e l e c t r o d e s , one o f which i s t r anspa ren t 
f o r photographic r e c o r d i n g . 
4 . 2 . 3 The search f o r Quarks 
Ashton e t a l (6 ) have searched f o r f r a c t i o n a l l y charged p a r t i c l e s 
us ing a l a rge f l a s h tube s r r a y c o n t a i n i n g more t h ^ n 10,000 tubes . I f 
21 
t h e p a r t i c l e s e x i s t then they should be detec ted by measuring t h e i r 
i o n i z a t i o n d e n s i t y when t r a v e r s i n g m a t t e r . A s the i o n i z a t i o n d e n s i t y 
2 
f o r r e l a t i v i s t i c p a r t i c l e s i s p r o p o r t i o n a l t o Z , quarks may be 
d i s t i n g u i s h e d f rom normal charged p a r t i c l e s because they are f r a c t i o n a l l y 
charged as -36 o r §e r e s p e c t i v e l y . Ashton makes h i s f l a s h tubes s e n s i t i v e 
t o charge by o p e r a t i n g the chamber w i t h a t ime delay, between the p a r t i c l e 
passage and the a p p l i c a t i o n o f a h i g h v o l t a g e . Thus, f r a c t i o n a l l y charged 
p a r t i c l e s are i d e n t i f i e d by having a smal le r d e t e c t i n g e f f i c i e n c y than 
o r d i n a r y charged minimusTi-ionizing p a r t i c l e s . Wi th such a l a rge a r ray 
the e f f i c i e n c y can be a c c u r a t e l y determined f rom a s i n g l e t r a c k s ince 
about 80 tubes are expected t o f l a s h when a s i n g l y charged p a r t i c l e 
passes t h r o u g h , compared to about 40 tubes f o r a p a r t i c l e o f e/3 charge. 
4 . 2 . 4 D i s c r i m i n a t i o n between p a r t i c l e s of equal momenta 
Diggory e t a l (7) have demonstrated the a b i l i t y of f l a s h tubes 
to d e t e c t d i f f e r e n c e s i n i o n i z a t i o n r a t e s caused by p a r t i c l e s of equal 
momenta. The energy loss by i o n i z a t i o n can be shown t o be dependent 
on the mass o f a p a r t i c l e w i t h i n a c e r t a i n momentum range. Diggory has 
measured the f l a s h tube e f f i c i e n c y f o r cosmic ray protons and muons i n 
the momentum range 0 . 1 - 10 Gev/c us ing a t ime de lay between the passage 
o f the p a r t i c l e and the a p p l i c a t i o n of the h igh vo l t age pulse o f 50 o r 
80us» Resul t s o f t h i s method g ive d i s t i n c t muon and p r o t o n cu rves , w i t h 
v a r i a t i o n s i n e f f i c i e n c y between 58 and 38%, which agree w e l l w i t h 
t h e o r e t i c a l e s t i m ^ t ^ s . 
4 . 2 . 5 The d e t e c t i o n o f heavy pr imary .cq^mic_ray_§ 
Andrews e t a l (8 ) have de tec ted pr imary p a r t i c l e s o f la rge mass 
us ing a ba l loon-borne f l a s h tube a r r a y . The tubes were made s e n s i t i v e 
t o p a r t i c l e s of h i g h mass by d e l a y i n g the h i g h vo l t age pulse a f t e r an 
even t . I n t h i s way, i t i s only p a r t i c l e s of h igh mass which are 
e f f i c i e n t l y de t ec t ed . Resul ts ob ta ined f rom t h i s experiment are i n good 
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agreement w i t h the t h e o r e t i c a l e f f i c i e n c y curves p r e d i c t e d by L l o y d . 
T h e i r a r r ay was d i g i t i z e d us ing the probe method of Ayre and Thompson 
and i n f o r m a t i o n of each event was t r a n s m i t t e d t o ground dur ing the 
f l i g h t . 
4 . 2 .6 Neut r ino Exuerime nts 
The f l a s h tube chamber i s w e l l s u i t e d f o r the d e t e c t i o n of n e u t r i n o s 
i n t e r a c t i o n s . The smal l i n t e r a c t i o n cross s e c t i o n of neu t r i no p a r t i c l e s 
r e q u i r e s l a rge t a r g e t and d e t e c t i n g volumes t o o b t a i n a s a t i s f a c t o r y 
event r a t e . Experiments w i t h cosmic ray n e u t r i n o s have taken advantage 
o f the f a c t t h a t f l a s h tubes may be cons t ruc ted i n a r b i t r a r y dimensions 
to cover very l a rge areas . 
One o f the l a r g e s t of t h i s type of experiment i s i n a two m i l e deep 
l a b o r a t o r y near Joannesburg. This exper iment , developed by the Case-
W . i t s - I r v i n e c o l l a b o r a t i o n (9 ,10 ,11 ) conta ins 50,000 1.9cm ou te r diameter 
f l a s h tubes 2m l o n g . 
A s i m i l a r exper iment , which i s the r e s u l t o f a col laborates- 1 between 
groups f rom England , I n d i a and Japan (12) has been i n o p e r a t i o n f o r 
severa l years i n the Kola r gold mines i n Southern I n d i a a t a depth 
of 2o3l6 m i l e S o 
4 .3 The use o f f l a s h tubes i n a c c e l e r a t o r phys ics 
Conven t iona l f l a s h tube d e t e c t o r s have c h a r a c t e r i s t i c s which 
r e s t r i c t t h e i r use t o experiments where the background r a d i a t i o n i s less 
4 3 
than 10 -10 p a r t i c l e s / t u b e / s e c o n d and where data i s recorded a t 
r e p e t i t i o n r a t e s o f less than about 1 event /second. This sever ly 
l i m i t s the a p p l i c a t i o n of the device t o a c c e l e r a t o r work where de t ec to r s 
5 
are f r e q u e n t l y r e q u i r e d t o operate i n a background r a d i a t i o n o f 10 
p a r t i c l e s / s e c o n d and a t r e p e t i t i o n r a t e s i n excess o f 100 e v e n t s / 
second. The u n s u i t a b i l i t y of the device under these c o n d i t i o n s has 
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crea ted a preference f o r us ing spark chambers, which has , i n t u r n , 
h indered the development of tubes f o r a cce l e r a to r work . I n s p i t e of these 
undes i rab le c h a r a c t e r i s t i c s (discussed i n d e t a i l i n chapter 5 ) , i n 
comparison w i t h conven t iona l d e t e c t i n g t echn iques , the f l a s h tube has 
many commendable f e a t u r e s . The most impor tan t of these f e a t u r e s are 
l i s t e d below. 
(1) Ar rays of tubes are simple t o c o n s t r u c t and ope r a t e „ 
(2 ) F lash tubes are inexpensive and t h e i r cost i s independent o f l e n g t h . 
(3 ) . Ar rays of almost any s i ze and geometry may be c o n s t r u c t e d . 
(4 ) An a r ray may be dismant led and rearranged t o be used again i n a 
d i f f e r e n t geometry. 
(5 ) F lash tubes do not r e q u i r e cont inued replacement o f gas. 
(6 ) The h igh vo l t age p u l s i n g requirements are not s t r i n g e n t . Pulse 
r i s e - t i m e s o f 0.5ys have been employed and the r a d i a t i o n and 
subsequent i n t e r f e r e n c e w i t h ne ighbour ing e l e c t r o n i c c i r c u i t s 
i s thus cons ide rab ly l ess than i n spark chambers where r i s e 
t imes o f 50ns or less are de s i r ab l e^ 
(7) The e lemental c o n s t r u c t i o n p rov ides a f l a s h tube device w i t h a 
h igh m u l t i t r a c k e f f i c i e n c y a t any angular i n c l i n a t i o n . 
(8 ) A simple and inexpensive method o f d i g i t i z a t i o n has been developed. 
Provided t h a t the s e n s i t i v e and recovery t ime c h a r a c t e r i s t i c s are . 
improved (see Chapter 5 ) , t hen the f l a s h tube d e t e c t o r p rov ides a 
convenient and a t t r a c t i v e technique i n t h a t c lass o f experiments where 
l a rge s e n s i t i v e v o l una1 s are r e q u i r e d , h i g h s p a t i a l accuracy i s unnecessary 
and the absorbing p r o p e r t i e s o f the glass m a t e r i a l are of l i t t l e concern. 
Two main areas o f nuclear research are envisaged f o r t h i s device i n 
r e l a t i o n t o a c c e l e r a t o r p h y s i c s ; the l o c a t i o n o f p a r t i c l e s produced i n 
r a re events where la rge q u a n t i t i e s o f absorbing m a t e r i a l and l a rge 
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d e t e c t i n g volumes are r e q u i r e d , and the d e t e c t i o n of high energy photons 
where both s p a t i a l and energy measurements are necessary. 
4.3.1 Charged P a r t i c l e d s t a c t i o n 
An array of f l a s h t u t e s used as a t r a c k l o c a t i n g device cannot 
compete against d e t e c t o r s such as p r o p o r t i o n a l , d r i f t and spark chambers 
i n terms of s p a t i a l resolution.. In many experiments however, the need 
f o r such high s p a t i a l accuracy i s not always j u s t i f i e d , because d e t e c t o r s 
are o f t e n employed t o provide a knowledge as t o whether a c e r t a i n type 
of r e a c t i o n has occurred , w i t h o u t the necessity of a precise t r a j e c t o r y 
d e t e r m i n a t i o n . Such a p p l i c a t i o n s include the d e t e c t i o n of rare events, 
where large s e n s i t i v e volumes ( p o s s i b l y i n 4^ geometry) are r e q u i r e d . 
A t y p i c a l example of t h i s type of experiment i s the d e t e c t i o n of. 
n e u t r i n o s . N e utrinos, being weak i n t e r a c t i n g p a r t i c l e s w i t h cross 
-38 2 
sections of only about 10 cm r e q u i r e large t a r g e t and d e t e c t o r 
volumes to give adequate d e t e c t i n g r a t e s . Most neutrino experiments 
performed w i t h the a i d of an a c c e l e r a t o r have u t i l i z e d large spark 
chambers t o d e t e c t the muon i n the i n t e r a c t i o n s ! 
v + n -> p + u 
v + p ->• n + u 
T y p i c a l examples of such experiments are those which have been performed 
at the AGS a c c e l e r a t o r i n Brookhaven (13) and at the PS i n CtRN (14,15) 
i n order t o confirm the two neutrino hypothesis. The d e t e c t i n g arrangement 
at the CERN neut r i n o experiment consisted of 81 three electrode chambers 
of aluminium and 66' modular brass chambers stacked w i t h i r o n and lead 
o 
absorberso The e l e c t r o d e area of the chambers was 160 x 100cm' and the 
t o t a l weight of the d e t e c t o r was about 75 tonso One of the main f e a t u r e s 
of t h i s device was i t s a b i l i t y t o d i s c r i m i n a t o between ele c t r o n s and 
muonsa A muon produces a s t r a i g h t t r a c k through the chamber, while an 
e l e c t r o n w i l l i n i t i a t e a cascade shower. By t h i s method i t was proved 
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t h a t V and v are d i f f e r e n t elementary p a r t i c l e s . . 
Flash tubes are w e l l s u i t e d to t h i s type of experiment, where 
large s e n s i t i v e volumes are req u i r e d and i n t e r a c t i n g m a t e r i a l i s of 
advantage. A l s o , the f l a s h tube chamber has a high m u l t i t r a c k e f f i c i e n c y and 
is thus capable of d i s c r i m i n a t i n g between the s t r a i g h t t r a c k s of a muoh 
and the cascade development produced by an electron*. 
4.3.2 Photon d e t e c t i o n 
High energy photons ara normally studied by d e t e c t i n g the 
electromagnetic shower produced when a photon i n t e r a c t s w i t h a heavy 
t a r g e t m a t e r i a l . A study of the shower development can provide a means 
of determining the energy and t r a j e c t o r y of the i n c i d e n t photon. The 
d e t e c t i o n of photon induced showers has been dene mostly w i t h stacked 
assemblies c o n s i s t i n g of e i t h e r a s e r i e s of dete c t o r s ( s c i n t i l l a t o r 
or Cerenkov) interspaced w i t h t a r g e t s of a heavy m a t e r i a l , or i n 
homogeneous devices made of dense transparent m a t e r i a l such as lead 
glass (see s e c t i o n 7.2). 
With these types of d e t e c t o r s the shower i n f o r m a t i o n gives an 
energy measure o n l y , and a l l s p a t i a l i n f o r m a t i o n needed f o r the 
det e r m i n a t i o n of an i n c i d e n t photon t r a j e c t o r y i s lo s t o I n aiany 
experiments, f o r example, where a n e u t r a l p a r t i c l e decays i n t o two 
photons, i t i s o f t e n advantageous or necessary t o provide both energy 
and s p a t i a l i n f o r m a t i o n f o r the r e c o n s t r u c t i o n of the i n t e r a c t i o n . . 
Detectors which provide the a d d i t i o n a l s p a t i a l i n f o r m a t i o n normally 
take the form of. e i t h e r spark chambers sandwiched between layers of 
t a r g e t m a t e r i a l , w i t h a d i g i t a l read-out system t o count and locate 
the sparks, or a ser i e s of cross s c i n t i l l a t o r s coupli'd t o p h o t o m u l t i p l i e r s 
interspaced w i t h t a r g e t m a t e r i a l . 
Spark chambers, however, have two main disadvantages; a low m u l t i -
t r a c k e f f i c i e n c y -which reduces the energy r e s o l u t i o n and l i n e a r i t y o f 
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responsej and complex d i g i t a l read-out, which makes the c o n s t r u c t i o n 
of large arrays d i f f i c u l t and expensive. The m u l t i t r a c k e f f i c i e n c y 
can be improved i f glass c u r r e n t - l i m i t e d spark chambers(16,17) are 
used, but t h e i r o p e r a t i o n e n t a i l s even greater problems w i t h respect 
to data a c q u i s i t i o n and f a s t r e p e t i t i o n r a t e s . Detectors constructed 
w i t h crossed s c i n t i l l a t o r s are normally expensive and e l e c t r o n i c a l l y 
complex because each s c i n t i l l a t o r element r e q u i r e s a p h o t o m u l t i p l i e r 
and l i n e a r e l e c t r o n i c c i r c u i t r y . 
' I n the p a s t , t h i s problem has been resolved by b u i l d i n g h y b r i d 
systems, using spark chambers t o give s p a t i a l i n f o r m a t i o n , and 
s c i n t i l l a t o r c r Cerenkov d e t e c t o r s t o provide an energy d e t e r m i n a t i o n . 
But nevertheless, such systems, when b u i l t i n t o large arrays tend t o be 
complex and very expensive (19). 
The f l a s h tube d e t e c t o r may provide an a l t e r n a t i v e s o l u t i o n , 
because i t has c h a r a c t e r i s t i c s i d e a l l y s u i t e d f o r the d e t e c t i o n of 
cascade showers. The device has a high m u l t i t r a c k e f f i c i e n c y , i s 
simple t o operate, and i s e a s i l y d i g i t i z e d . Furthermore, due to the 
low. cost of f l a s h t u bes, many d e t e c t i n g planes may be employed t o give 
a t o t a l a bsorption device capable of a precise energy d e t e r m i n a t i o n . 
Thus, a device of t h i s k i n d has the p o t e n t i a l of p r o v i d i n g low c o s t , 
l a r g e area photon d e t e c t i o n w i t h the advantage t h a t both the energy 
and t r a j e c t o r y of an i n c i d e n t photon are measured simultaneously 
w i t h i n the same instrument. 
Conversi e t a l (18) i n d i c a t e d the s u i t a b i l i t y of the f l a s h tube 
chamber f o r measuring the energy of photons w i t h an array i n s t a l l e d 
a t t h e F r a s c a t i (Adone) storage ring<. His r e s u l t s show a s e n s i t i v i t y 
t o the energy of e l e c t r o n induced showers at energies of a few hundred 
MeV. An i n v e s t i g a t i o n r e p orted i n t h i s t h e s i s (see chapter 7 ) , using 
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the Daresbury Nuclear Physics Laboratory e beam a t energies of a few 
GfiVj ha a demo net i ' : ; t ed the f e a s i b i l i t y of using a f l a s h tube devico to 
provide both energy and s p a t i a l i n f o r m a t i o n * 
An estimate of the cost of a f l a s h tube device i n r e l a t i o n t o other 
gamma de t e c t o r s i s d i f f i c u l t because the form of i t s c o n s t r u c t i o n w i l l 
depend on r e s o l u t i o n requirements. This w i l l determine the tube 
diametsr (and hense the number of tubes) and the number of d e t e c t i n g 
planeso Nevertheless, an important c o n s i d e r a t i o n i s -that the cost of 
covering an area w i t h a plane of f l a s h tubes i s l i n e a r l y p r o p o r t i o n a l 
to one e x t e r n a l dimension only because a plane i s sampled i n p r o j e c t i o n 
and the cost of a tube i s independent of lengtho A l s o , the s i m p l i c i t y 
of the f l a s h tube d e t e c t o r must be taken i n t o account, f o r i t i s possible 
to d i g i t i z e each tube without the necessity of an i n t e r f a c i n g a m p l i f i e r 
(see Chapter 7)„ With the i n t r o d u c t i o n o f u l t r a high energy a c c e l e r a t o r s , 
the f l a s h tube technique may. t h e r e f o r e , be a convenient and inexpensive 
method of f a c i l i t a t i n g a gamma d e t e c t o r , which a t such high energies 
i s o f t e n r e q u i r e d t o be of a very large size (.19). 
For a comparison of c o s t s , a c a l c u l a t i o n has been made of the 
expense of c o n s t r u c t i n g a f l a s h tube d e t e c t o r of equal size and 
r e s o l u t i o n t o the gamma d e t e c t o r proposed f o r the Onega p r o j e c t a t 
300 GeV a t CERN (.19).. The proposed d e t e c t o r i s a h y b r i d device i n which 
gamma rays ara detected w i t h a m a t r i x of lead glass blocks and several 
planes of spark chambers. The d e t e c t o r w i l l be about 6m x 2m and 
conta i n approximately oOO lead glass elements. The cost i s estimated 
a t about SF2.5M (1972 p r i c e s ) . A f l a s h t u t e device of s i m i l a r s i z e , 
c o n s i s t i n g of 10 modules each cont a i n i n g 3 planes of d i g i t i z e d lor. 
diameter tub'is would cost.approximately 3F 0.3M (1974 p r i c e s ) . These 
estimates include a l l e l e c t r o n i c s up to a computer i n t e r f a c i n g -
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4.3 = 3 Neutral P a r t i c l e JDetegtion 
A large photon d e t e c t o r constructed from f l a s h tubes may be 
p a r t i c u l a r l y u s e f u l f o r measuring the p o s i t i o n and momentum of n e u t r a l 
p a r t i c l e s which decay i n t o photons. For example, p a r t i c l e s such as the 
ir°, K°, X° and n a l l have yy decay modes* 
At very high momentum, photons decay w i t h very small opening 
angles, t h u s , i n order t o re s o l v e the two cascade showers which they 
produce, i t i s necessary t o p o s i t i o n the d e t e c t o r a t large distances 
downstream from the t a r g e t . For example , the minimum opening angle 
f o r photons from the decay of a 10 GeV/c it 0 i s only 27 nurad. ( i n - t h e 
l a b o r a t o r y coordinate system). Therefore covering a s u f f i c i e n t l y 
large s o l i d angle t o ensure an adequate event r a t e and momentum range 
r e q u i r e s a device of very large area. Flash tubes are "well s u i t e d , i n 
t h i s r e spect, because they give momentum and s p a t i a l i n f o r m a t i o n , and 
are capable of being constructed i n t o large arrays a t comparatively 
low cost. 
When both photons are detected from a n e u t r a l decay, a momentum 
determination may be made e i t h e r from the opening angle between t h e ' 
decay photons or d i r e c t l y from i n f o r m a t i o n , contained i n the detected 
photon showers. Measuring the momentum of the decayed p a r t i c l e from 
the opening angle o n l y , becomes p a r t i c u l a r l y advantageous a t low 
momentum where the opening angles are l a r g e , and the s p a t i a l r e s o l u t i o n i s 
goodo By t h i s method the momentum r e s o l u t i o n i s given by (.1.9):-
At AG o 1) e 
where ;'AP , and A8 are the momentum, energy and angular r e s o l u t i o n s 
' o o 
r e s p e c t i v e l y , P q i s t h e momentum of the decayed p a r t i c l e , E q i s the energy 
of the decayed p a r t i c l e and S i s the opening angle (see Figure 4 . l ) , Thi. 
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expression shows t h a t the momentum r e s o l u t i o n from an opening angls 
measurement improves w i t h i n c r e a s i n g opening angle» The momentum 
r e s o l u t i o n obtained by considering the shower structui-e from each 
photon i s given by the f o l l o w i n g expression (19,20):-
A P . 
-f « \l ( 2 ) 
o P 2 
0 
I n t h i s case, the r e s o l u t i o n improves w i t h increasing momentum* 
Thus, both methods, whan used t o g e t h e r , compensate each other f o r losses 
i n r e s o l u t i o n i n the upper or lower momentum ranges. 
Figure 4.2 shows an example of the d e t e c t i n g r e s o l u t i o n c a l c u l a t e d 
by Dowell and Sloan (19) f o r the proposed it 0 d e t e c t i n g system designed 
f o r use a t CERN on the Omega p r o j e c t up t o energies of 100 GeV. Although 
t h i s d e t e c t o r i s not constructed w i t h f l a s h tubas, the energy r e s o l u t i o n 
can be expected t o vary i n a s i m i l a r way as described by.the expressions 
(l.) and (2.).. The graph shows the expected momentum r e s o l u t i o n f o r "IT 0 
d e t e c t i o n using lsad glass d e t e c t o r s w i t h an i n d i v i d u a l photon r e s o l u t i o n 
of 15% FWHM (at 1 GeV), and spark chambers t o measure the opening angle 
w i t h a s p a t i a l r e s o l u t i o n of + 1mm. The r e s o l u t i o n i s p l o t t e d f o r 
a = 90° (as d e f i n e d i n Figure 4.1) w i t h the d e t e c t o r 40m downstream 
from the t a r g e t . The graph i l l u s t r a t e s how the two methods compensate 
f o r one another t o give a r e s o l u t i o n which i s never worse than about 
+ 1.0%. 
centre of mass system laboratory system 
O j 1 o 
Fig 4-1 the decay of a neutral particle into two photons 
^ £ from Pb-glass 
'^p- from opening angle 
for cos a =0 
10 20 30 40 50 6 0 70 80 
fc(GeV/c) 
90 100 
Fig 4-2 worst case errors on the tt momentum arising from 
energy and opening angle mzasurements 
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C H A P T E R F I V E 
THE DEVELOPS NT OF FLASH TUBE DETECTORS 
FOR ACCELERATOR PHYSICS 
5.1 I n t r o d u c t i o n 
The f l a s h tube d e t e c t o r has c h a r a c t e r i s t i c s which make i t s u i t e d 
t o experimental c o n d i t i o n s where there i s a small i n c i d e n t p a r t i c l e 
f l u x and low background r a d i a t i o n . Under these c o n d i t i o n s the device 
operates e f f i c i e n t l y (~100?<!) and r e g i s t e r s very few spurious events. 
Unf o r t u n a t e l y i t s use i n a c c e l e r a t o r experiments i s made d i f f i c u l t by 
the long s e n s i t i v e and recovery time c h a r a c t e r i s t i c s which prevent 
o p e r a t i o n i n a high r a d i a t i o n background and a t high r e p e t i t i o n rateso 
L i t t l e improvement has been made t o these c h a r a c t e r i s t i c s since 
the d e t e c t o r ' s i n t r o d u c t i o n by Conversi i n 1955 but i n t e r e s t i n large 
area d e t e c t i n g systems f o r a c c e l e r a t o r work has st i m u l a t e d i n v e s t i g a t i o n s 
t o produce a more s a t i s f a c t o r y tube. The o b j e c t i v e s of recent work 
i n Durham have been t o produce a new Flash Tube d e t e c t o r which would 
operate i n a background r a d i a t i o n of about 10 particles/t.ube/second 
and be capable of r e g i s t e r i n g d i g i t i z e d output i n f o r m a t i o n a t frequencies 
of the order of 1 KHz wi t h o u t d e t e r i o r a t i o n i n d e t e c t i n g e f f i c i e n c y , . 
Flesh tubes with these c a p a b i l i t i e s c o n s t i t u t e a very a t t r a c t i v e and 
v i a b l e d e t e c t i n g technique f o r a c c e l e r a t o r physics experimentso 
5.2 The Se n s i t i v e Time 
the a p p l i c a t i o n of an e x t e r n a l l y a p p l i e d e l e c t r i c c l e a r i n g f i e l d 
i s u s u a l l y necessary w i t h spark chambers working i n a high background 
r a d i a t i o n environment Spurious and background induced sparks are 
reduced by the removal of unwanted e l e c t r o n s from the s e n s i t i v e volume 
by the continuous a p p l i c a t i o n of a d.c e l e c t r i c f i e l d across the 
el e c t r o d e s . The s e n s i t i v e time w i l l be equal to t h e mean time f o r 
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an e l e c t r o n t o d r i f t across the s e n s i t i v e volume, and ex p e r i m e n t a l l y 
i s u s u a l l y defined as the time a f t e r the passage of an i o n i z i n g 
p a r t i c l e f o r the d e t e c t i n g e f f i c i e n c y t o f a l l to 50/£„ The str e n g t h 
of the e l e c t r i c f i e l d r e q u i r e d , w i l l depend on the i n c i d e n t f l u x o f 
background r a d i a t i o n and the maximum delay time between p a r t i c l e 
passage and the a p p l i c a t i o n of the high voltage pulse. D.C. f i e l d s 
of up t o 200 v/cm are normally a p p l i e d t o spark chambers, reducing 
the s e n s i t i v e time t o a few u s ( l , 2 ) . the s e n s i t i v e time must be 
i n the range described by the expression:-
TE > TS> TD 
where T^ = mean time between p a r t i c l e s from background r a d i a t i o n 
Tg = s e n s i t i v e time 
Tp = delay time of the high voltage pulse. 
Another method employed to reduce the s e n s i t i v e time i s the 
admixture o f e l e c t r o n e g a t i v e gases ( 2 ) . Such gases as O^fiO^i CCl^, 
S0 o and SF^ are s u i t a b l e a d d i t i v e s f o r noble gases. SF^ i n p a r t i c u l a r , 
has a very high capture cress s e c t i o n f o r thermal e l e c t r o n s (5) and 
only very small q u a n t i t i e s ( l xlO '%) are r e q u i r e d t o reduce the s e n s i t i v e 
time t o a few us (6)o However, the c l e a r i n g f i e l d method i s normally 
favoured because e x t e r n a l adjustment i s possible to s u i t d i f f e r e n t 
experimental c o n d i t i o n s . This i s important i n the case of f l a s h tubes 
where the tube i s sealed and gas mixture f i x e d . 
The sensiti.ve time of a normal Ne-He f l a s h tube i s of the order 
of 100 us ( s e c t i o n 2»2.4) and previous attempts to apply s t a t i c 
c l e a r i n g f i e l d s which would sweep e l e c t r o n s t o the w a l l s of the tube 
have been unsuccessful., Theory and experiment p r e d i c t t h a t a f i e l d as 
weak as lOv/cm should remove a l l e l e c t r o n s from a 1.8cm diameter tube 
i n about 10 y s ( l O ) , y e t i s has been shown t h a t f i e l d strengths as high 
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as 2KV/cm have no measurable e f f e c t on the s e n s i t i v e time ( 4 ) 0 An 
e x p l a n a t i o n and s o l u t i o n t o t h i s phenomena were necessary before the 
device could be considered f o r use i n high r a d i a t i o n background 
conditionso 
5<>2.1 Flash Tubes w i t h a Short S e n s i t i v e Time 
The f a i l u r e of e a r l i e r attempts to reduce the s e n s i t i v e time 
by the a p p l i c a t i o n of c l e a r i n g f i e l d s i s a t t r i b u t e d t o the movement 
of charges on the glass surface which cause the almost complete 
backing o f f of the e x t e r n a l D.C. f i e l d . The volume r e s i s t i v i t y of 
12 > soda glass i s very high and a value of 5 x 10 SI cm a t room 
temperature has been measured f o r type S95 glass. Nevertheless i t ha 
p r e v i o u s l y been shown (7) t h a t s i g n i f i c a n t charge movement does take 
place. I t i s not c l e a r a t present whether the conduction i s by 
sodium i o n motion i n the volume of the glass or by e l e c t r o n movement 
i n the glass or over i t s s u r f a c e , but rearrangement of the f i e l d 
l i n e s caused by the a p p l i e d c l e a r i n g f i e l d i s t o be expectedo 
The use of an a l t e r n a t i n g e l e c t r i c f i e l d overcomes t h i s problem 
provided t h a t t h e frequency of t h e f i e l d , i s such t h a t the p c l a r i t y 
changes f a s t e r than the charges on the glass can move to counteract 
i t . A 50Hz s i n u s o i d a l c l e a r i n g f i e l d was a p p l i e d between electrodes 
as shown i n Figure 5-1. The value of c a p a c i t o r C I was chosen large 
enough t o present a small impedance t o ground f o r the high voltage 
p u l s e , y e t small enough so -as not to smooth the a l t e r n a t i n g voltage.. 
A value of 0<1 yF was found to be a good compromise a t t h i s frequency 
Flash tube c h a r a c t e r i s t i c s were measured using t h i s c i r c u i t and 
a t room temperature 50 Hz was found t o be more than adequate i n t h i s 
respect. Figure 5.2 shows the e f f e c t of the 50 Hz s i n u s o i d a l c l e a r i m 
f i e l d on the e f f i c i e n c y versus.time delay c h a r a c t e r i s t i c s f c r tubes 
made of S95 soda glass and f i l l e d a t 600 t c r r pressure w i t h a 98-2 
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Neon-He Hum gas m i x t u r e . The tubes had an i n s i d e diameter of 1.6cm 
and a w a l l thickness of lmnio I t i s seen t h a t rms f i e l d s as small 
as l.Ov/cm have a considerable e f f e c t on the s e n s i t i v e time and an 
rms f i e l d of lOv/cm reduces the s e n s i t i v e time t o approximately 2 us„ 
Figure 5.3 shows s i m i l a r curves obtained w i t h 0.6 cm i n t e r n a l diameter 
tubes f i l l e d w i t h 98-2 Ne-He at 2.3 atmospheres pressure. 
Comparisons can be made w i t h Meyers r e s u l t s (3) of the e f f e c t 
o f D.C. c l e a r i n g f i e l d s i n a 0 o5cm gap spark chamber. He found 
a f i e l d of I8v/cm reduced the s e n s i t i v e time t o approximately 1.8Vs, 
where t h i s value i s an average f o r the two d i r e c t i o n s of the c l e a r i n g 
f i e l d w i t h respect t o the H.TD pulse,. The .main d i f f e r e n c e from Meyers 
r e s u l t s i s t h a t a long t a i l e x i s t s i n the f l a s h tube e f f i c i e n c y versus 
time delay c h a r a c t e r i s t i c s f o r a.c. f i e l d s . This i s a t t r i b u t e d t o 
p a r t i c l e s passing through the system a t the zero o r low f i e l d p a r t of 
the a.c. c y c l e . The problem i s overcome when a square pulse of 
a l t e r n a t i n g d i r e c t i o n i s a p p l i e d . 
A r e d u c t i o n i n the c l e a r i n g f i e l d e f f e c t i v e n e s s i s expected as 
the a l t e r n a t i n g frequency i s reduced, since charges are able t o move 
and counteract the a p p l i e d f i e l d o This behaviour was observed when 
a square wave a l t e r n a t i n g f i e l d of v a r i a b l e frequency was a p p l i e d 
t o tubes a t 100 C I n order t o a l l o w t r a n s m i s s i o n of the higher 
frequency components, c a p a c i t o r CI i n Figure 5 o l was replaced by one 
of value 0<,022yF, producing a r i s e time of 5 0 U u s f o r the leading 
edge of each square wave. Figure 5<>4 shows the e f f i c i e n c y versus 
frequency curves f o r time delays of 20 and 40us<> From these curves 
i t i s seen t h a t charges are beginning t o counteract the e x t e r n a l l y 
applied f i e l d a t about 25 Hz, which can be thought t o represent a 
' c u t - o f f 1 frequency dependent on the decay time f o r charges t o become 
i n e f f e c t i v e • i n the tube.. However, the ' c u t - o f f ' frequency at room 
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temperature w i l l be much lower than this> probably of the order of 
0 .1 Hz, because the r e s i s t i v i t y of glass changes by three orders of 
magnitude ( 8 ) . A d i rec t measurement of t h i s frequency at room 
temperature was found d i f f i c u l t and reproducible resul ts could not 
be obtained at very low frequencieso This f a i l u r e may be explained 
by var ia t ions i n surface conduct ivi ty due to contamination, which 
becomes s i g n i f i c a n t When the glass r e s i s t i v i t y i s very higho Never-
the less j a measure of the tube decay constant was made at 100 C by 
inves t iga t ing the dependence of e f f i c i e n c y on the applied clearing 
f i e l d frequency and a value at room temperature was induced from i t o 
A de ta i led descr ip t ion of the method and resul t s is given i n Appendix 
Io The experimental resul ts give a decay time of 61ms at 100°C wi th 
lo9c.ni diameter tubes, and indicate that charge recombination i s by 
an exponential process. At toom temperature the constant may be 
expected to have a value three orders of magnitude l a rge r , which 
would be i n good agreement wi th experimental resul ts of other 
workers using a d i f f e r e n t method (9 ) . Their resul ts show that 
i n t e r n a l l y induced clearing f i e l d s may pers is t f o r several minutes 
a f t e r ign i t ion . , 
5.2.2 The Generation of a Square Wave Clear ing F ie ld 
Two simple and r e l i ab le methods have been employed to produce 
an a l t e rna t ing square wave clear ing f i e l d . The f i r s t , shown i n 
Figure 5.5, i s a.100Hz generator which i s t r iggered d i r e c t l y from 
a mains supply via a t ransformer The- mains frequency i s used to 
open and close a reed switch twice every cyc le , providing a square 
pulse t r a i n which swings about zero vo l t s a f t e r decoupling wi th a 
capacitor. The pulse r ise time i s normally of the order of lOOVs 
f o r dry reed switches, although substant ial improvements can be made 
i f the wetted mercury type are used. 
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Figure 5.6 shows a variable frequency square wave generator 
which uses two monostable f l i p - f l o p s coupled together to form a 
m u l t i v i b r a t o r with a mark-to-space r a t i o of 1:1. The frequency may 
be varied by a suitable choice of R and C The logic output i s 
then used to drive a b i -polar relay by means of a single t r ans i s to r 
amp l i f i c a t i on stage. 
Both types of generators have been shown to be very e f f e c t i v e 
and r e l i ab l e when used with the pulsing c i r c u i t shown i n f igu re 5 . 1 . 
5.3 The Recovery Time 
The recovery time of a f l a sh tube i s the time i n t e r v a l a f t e r an 
event f o r the tube to become sensi t ive again to another p a r t i c l e - A 
second high voltage pulse applied w i t h i n t h i s time causes spurious 
r e i g n i t i o n . The recovery time i s defined as the time a f t e r a discharge 
f o r the r e i g n i t i o n p robab i l i ty to f a l l to 50%. A recovery time of 300 
mS has been measured f o r 1.9 cm external diamter tubes f i l l e d w i t h 
70% Ne and 30% He at 600 Torr . Figure 5.7 shows the r e i g n i t i o n 
p r o b a b i l i t y p lo t ted against the time i n t e r v a l between H.T. pulses 
f o r these tubes. 
The phenomenon requires electrons to remain i n the sensit ive 
volume f o r a time a f t e r the i n i t i a l discharge, and from experimental 
evidence t h i s time i s required to be several hundred mil l iseconds. 
I f the removal of electrons is by a simple d i f f u s i o n mechanism on ly , 
then the number of electrons l e f t i n the sensitive volume a f t e r a 
time ( t ) i s given by the fo l lowing equation f o r d i f f u s i o n i n c y l i n d r i c a l 
geometry (derived i n Appendix I I ) „ 
N( t ) = 2.4 P r 2 H exp ( - t / j f ) o o ' 
where T = fundamental d i f f u s i o n time constant = l/D [ (2.405/r ) 2 + 
8 
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P *> electron density a t t = 0 o 7 
r = tube radius o 
H = tube length 
t = time 
N = number of e lectron i n the tube at time t 
From t h i s equation the expected r e i g n i t i o n p robab i l i t y may be 
calculated using the equation (11)I 
R(N) = 1 - exp (-fN) 
, where R = r e i g n i t i o n p robab i l i t y 
f = p r o b a b i l i t y of an e lect ron producing a discharge 
2 -1 
Taking tq= 0,8cm, H = 50cm, D = 1800 cm s and f = 0 .3 , the r e i g n i t i o r i 
• p r o b a b i l i t y versus time) d i s t r i b u t i o n s were calculated and are shown 
i n Figure 5.8 f o r d i f f e r e n t i n i t i a l e lectron densities., The expected 
11 "3 i n i t i a l density is of the order of 10 electrons cm (l2)o I t i s 
12 -3 
seen tha t even f o r an i n i t i a l e lectron density of 10 ^cm the 
recovery time i s o n l y a few mil l iseconds. I f the electron. 
density i s large enough then ambipolar d i f f u s i o n may make these times 
longer (26), but nevertheless, i t i s very l i k e l y tha t i n t e r n a l l y 
induced clearing f i e l d s w i l l remove a l l the electrons i n a very short 
t ime. For example, a f i e l d as small as 1 vol t /cm w i l l remove a l l 
electrons i n approximately 50us(l0) and an ex te rna l ly applied 
sinusoidal c lear ing f i e l d of 200 volts/cm rms = which should remove 
electrons i n less than 5 us was found.to reduce the recovery time only 
by a f ac to r of two (see section 5 n 3 . l ) . 
From the above observations i t i s i n fe r r ed that electrons created 
i n the i n i t i a l discharge do not remain i n the sensit ive volume f o r a 
time long enough to cause r e i g n i t i o n . I t i s therefore necessary to 
postulate a secondary electron production process to account f o r the 
long recovery t ime. 
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5.3o1 Nature of the Long Recovery Time 
Many secondary electron producing mechanisms are known to 
ex i s t and. have been studied by other workers. These form two d i s t i n c t 
groups} secondary e f f e c t s r e su l t i ng d i r e c t l y from in teract ions of 
ions , photons and excited states created during the discharge; and 
electrons produced frcm the surface of the glass by f i e l d emission 
processeso Since conventional metal electrode spark chambers f i l l e d 
wi th neon-helium mixtures are capable of operating at r e p e t i t i o n rates 
3 
i n excess of 10 events per second (13) , i t i s probable that the long 
recovery t ime, charac ter i s t ic of f lash tubes i s associated, a t least 
• in pa r t , w i th the glass from which the tube i s made. 
Ore possible explanation involves posi t ive Ne ions , which have 
small d i f f u s i o n and m o b i l i t y c o e f f i c i e n t s compared to e lectrons , and 
are not removed from the sensi t ive volume so r e a d i l y . Normal f l a sh 
tube operation does not require ions to be removed from the sensi t ive 
volume because they cannot contribute to ion iza t ion a t small E / F 
valueso However, i t i s known that pos i t ive ions may produce secondary 
electrons by v i r tue of t h e i r po ten t i a l energy when only a few angstroms 
from the surface of a ma te r i a l . This process occurs when the ion iza t ion 
energy i s greater than twice the work func t ion of the surface mater ia l 
( l4)o To tes t whether t h i s phenomenon is relevant to f l a s h tube 
r e i g n i t i o n , a sinusoidal c lear ing f i e l d large enough to remove a l l 
Ne ions i n one cycle was appl ied. The magnitude of the f i e l d was 
calculated from the expression T/2 
KE s in wt d t 
o 
g i v i n g |E j = ffd/KT 
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where E = peak e l e c t r i c f i e l d 
d = tube in t e rna l diameter 
K = ion mobi l i ty 
T = periodic time of the f i e l d 
Using d = 1.8cm, K = 4.0 crr 2 v" 1 S~ 1 and T = 20 x 10"3S the calculated 
minimum peak f i e l d required to clear Ne ions created during the zero 
of the cyc le , i n lOmS at 50 Hz i s 62.8 V cm In practice the times 
w i l l be i n the range T to . T , depending on the pos i t ion of the ion 
2 
i n the tube and the magnitude of the f i e l d at the time of creat ion. 
A 200 V cm * sinusoidal f i e l d was applied to 1.8cm in te rna l diameter 
tubes, and the r e i c n i t l o n p robab i l i t y was measured and compared to the 
p r o b a b i l i t y without a f i e l d . Figure 5.9 shows the r e i g n i t i o n p r o b a b i l i t y 
versus time between pulsing with and without the clear ing f i e l d . The 
f i e l d reduces the recovery time only by a f ac to r of two, ind ica t ing 
that the in t e rac t ion of ions wi th the glass surface is not the 
dominant process responsible f o r secondary e lectrons . 
Metastable atoms are also capable of releasing secondary electrons 
by e i the r c o l l i s i o n s with other gas atoms (Penning ion iza t ion ) or by 
in t e r ac t i on wi th atoms i n the surface of the glass (14). Metastable 
states of Ne and He are of pa r t i cu la r concern because besides having 
long l i f e t i m e s (15) , they are uncharged and cannot be swept from the 
sensit ive volume by an applied e l e c t r i c f i e l d . According to Kor f f (16) , 
metastables may cause spurious counts i n Geiger tubes containing 
noble gases unless a small admixture of molecular gas i s present to 
produce de-exc i ta t ion . The de-exci ta t ion takes place by Penning e f f e c t , 
which involves an in te rac t ion between a neutral metastable and a 
molecule whose ion iza t ion energy i s less than the exc i t a t i on energy of 
the metastable. This resul ts i n ion iza t ion of the molecule and the 
release of an e lec t ron . 
CD 
MX 
o CM O 
VI 
8 
L _ J J 
o Cri t 
( % ) AijiiqDqoJd uoijiuSpy 
40 
A* + B ->- A + B + + e~ 
The i n t e r ac t i on cross-section f o r de-exci ta t ion of Ne metastables 
-34 2 
wi th gases such as CH , C 0 o , 0^ and NH. are large enough (10 cm ) 
f o r the process to occur very rap id ly ( l5)„ However, measurements 
3 1 
by other workers of the l i f e t i m e s of. the and metastable 
states i n pure neon, indicate that, t h e i r influence should be of 
l i t t l e concern f o r times i n excess of 0.5 mS. Phelps (17) has 
measured the decay frequency f o r Ne metastables i n a tube of 1.08 
cm in t e rna l diamter as a func t ion of Ne atom densi ty . At 600 t o r r 
4 —1 
pressure the decay frequency i s measured as 5 x 10 ' s g iv ing a 
mean decay time of 20 uS. I f the i n i t i a l metastable density i s of 
12 -3 
the order of 10 atoms cm (15) , then very few w i l l remain a f t e r 
a few hundred microseconds i f an exponential decay is assumed (17). 
Photons produced i n the discharge are also able to create 
secondary electrons by photoelectr ic in t e rac t ion wi th the glass and 
i t i s t h i s mechanism which i s responsible f o r the spreading of the 
discharge along the length of the tube (18) 0 The photoelectr ic 
quantum e f f i c i e n c y has been invest igated by Rchatgi (19) i n Ne wi th 
u l t r a v i o l e t photons of 2537 A wavelength and hes obtained a value 
of 6 x 10 (electrons per photon) f o r soda glass. A large number 
of secondary electrons can therefore be expected } considering that 
more than 10 photons w i l l be produced i n each discharge. Many of 
these photons, however, w i l l not be d i r e c t l y incident on the glass 
surface, but w i l l be absorbed and emitted by atoms i n a d i f f u s i o n - l i k e 
motion fo r a r e l a t i v e l y long time before being l o s t from the gaseous 
volume0 This phenomena is known as resonant r ad ia t ion and has been 
studied i n d e t a i l by Hols te in (21) whose theory predicts a mean l i f e t i m e 
3 
2.6ms involving the long- l ived P1 state of Ne i n a 0.8cm radius tube. 
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Another cont r ibut ing e f f e c t may involve induced clearing f i e l d s , which 
remain of s u f f i c i e n t strength f o r a time a f t e r the appl ica t ion of the 
high voltage pulse to maintain local ized Townsend type avalanches, 
which produce f u r t h e r u l t r a v i o l e t photons and electrons u n t i l the 
f i e l d has decayed. Thus, a continuous f l u x of photons may be incident 
on the glass, creating secondary electrons which i n t u rn i n i t i a t e , 
more discharges. There i s experimental evidence f o r f i e l d s having 
decay times of the order of 60s (Appendix I ) , i t i s probable, there-
f o r e , that the f i e l d strength i s large enough to cause Townsend 
avalenche a f t e r only a few hundred mil l iseconds. Observations by 
Holrcyd (18) provide some evidence f o r the existence of week discharges 
occurring at l a t e r times by showing the existence of f e i n t sparks several 
microseconds a f t e r the i n i t i a l discharge which were produced in a f i e l d 
of opposite p o l a r i t y to the applied p u l s e 
Another possible mechanism i s the charging of an insula t ing 
surface, such as glass, which can lead to t h i n - f i l m emmissicn (20). 
This e f f e c t occurs when a t h i n layer of contaminating material 
deposited on an insula t ing surface becomes polarized by posi t ive 
ions. I f the e l e c t r i c gradient across the layer i s of the order 
6 - 1 
of 10 V cm A then secondary emission car, occur. The secondary e lect ron 
emission rate i s found to drop when the source of ions i s removed, 
but has been observed to pers is t at a non-zero value f o r many hours. 
5.3.2 Reduction of the Recovery Time 
The e f f e c t . o f d i f f e r e n t gas mixtures on the recovery time has 
been investigated with respect to the processes discussed i n section 
5 . 3 . 1 . Gas phenomena,-, of pa r t i cu l a r in te res t were e lec t ron capture, 
photoabsorption and metastable de-exc i ta t ion 0 The object of t h i s 
study was to f i n d a Ne mixture which reduced the recovery time without 
adversely a f f e c t i n g the e f f i c i e n c y and d i g i t i z a t i o n properties of the 
detector. 
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Figure 5.10 shows a schematic diagram of the gas mixing system 
which was designed f o r f i l l i n g a small manifold of f l a sh tubes wi th 
samples of d i f f e r e n t Ne mixtures. A. provis ion was made i n the design 
such that large quant i t ies could be stored i n a cyl inder at high 
pressure. Consistent resul ts could only be obtained a f t e r cleaning 
the tubes with concentrated HCL acid and outgassing by heating to 
•"3 
100 C f o r twenty hours u n t i l a vacuum of 10 Torr could be 
maintained. Two l i q u i d nitrogen traps were included i n the system 
one to prevent back-d i f fus ion of rotary pump o i l vapour, and the 
other to help remove Ne gns contaminates. 
The r e i g n i t i o n p r o b a b i l i t y was measured automatically by 
applying two high voltage pulses a f t e r the passage of an ion iz ing 
pa r t i c l e and reg is te r ing the f l ash tube discharges with a photo-
m u l t i p l i e r * Figure 5.11 shows the c i r c u i t designed to overcome 
d i f f i c u l t i e s i n charging a single capacitor system twice i n a very 
short t ime, thus requ i r ing a large current supply. In t h i s c i r c u i t 
two capacitors are charged simultaneously and then discharged 
al ternately a f t e r the passage of a p a r t i c l e , with a predetermined 
time i n t e r v a l . The time i n t e r v a l between pulses could be varied 
by a gate generator which provided a delay i n one channel from the 
fanout. Tr ige r t ron spark gap switches were used to discharge 
the capacitors across a r e s i s to r R producing a high voltage pulse 
to the electrodes with an exponential decay constant RC. The gaps 
were triggered, by means of two E.G.G. HV100 5 KV t r i g g e r i n g u n i t s . 
The high voltage r ise time and delay time a f t e r p a r t i c l e detection 
were 50 and 150 nS respect ively . Output informat ion was taken 
from a photo-multiplier placed i n l ine wi th the tube end windows 
such that pulses were obtained when the tube i g n i t e d . This 
information was then stored automatically i n a scaler which 
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recorded the number of events and the t o t a l number of tube discharges, 
from which the r e i g n i t i o n p r o b a b i l i t y was calculated. 
Reigni t ion p r o b a b i l i t i e s have been measured f o r pure Ne and Ne 
mixtures of other gases. Measurements were f i r s t taken with very 
clean tubes f i l l e d with pure Ne (CP grade) to ensure the long recovery 
time was not a phenomenon caused by contamination i n the glass or gas 
during manufacture. Figure 5.12 shows the r e i g n i t i o n p r o b a b i l i t y 
versus time i n t e rva l between high voltage pulses as a func t ion of gas 
pressure. The resul t s at 600 Torr agree wel l w i th those taken wi th 
manufactured tubes, ind ica t ing that the secondary electron mechanism 
i s i n t r i n s i c to e i the r the glass or gas. The recovery time versus Ne 
pressure, obtained from these curves, i s p lo t ted i n Figure 5.13 and 
shows a l inear re la t ionsh ip with a negative slope. This behaviour 
excludes a d i f f u s i o n dominated secondary emission process because the 
d i f f u s i o n c o e f f i c i e n t increases l i n e a r l y wi th decreasing pressure. In 
terms of a metastable theory, t h i s behaviour i s to be expected f o r i t 
has been shown by Phelps (17) that de-exci ta t ion at pressures above 
10 Torr i s due to atomic c o l l i s i o n s and the e f f e c t of d i f f u s i o n to 
the walls of the container i s i n s i g n i f i c a n t . The recovery times are, 
however, s t i l l two orders of magnitude too long, even at 50 Torr 
compared to l i f e t i m e resul ts of other workers i n very pure Ne (17) , 
to be explained e n t i r e l y by a metastable theory. The observed data 
may be accounted f o r i n terms of the production of photons, created 
i n the residual f i e l d a f t e r the i n i t i a l discharge, by weak Townsend 
avalanches (discussed i n section 5.3.1) • By t h i s mechanism the long 
recovery times at low pressures may be explained by considering the 
increase i n the Townsend ion iza t ion c o e f f i c i e n t (a ) . For H/P values 
2 -1 -1 
below 10 V cm t o r r the c o e f f i c i e n t i s described approximately 
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by t h e e q u a t i o n ( 1 2 ) : -
« / p - A e ~ B P / h : 
where a i s t h e number o f i o n i z a t i o n per cm pe r e l e c t r o n 
A and B a r e c o n s t a n t s 
E i s t h e f i e l d s t r e n g t h 
P i s t h e gas p r e s s u r e 
T h u s , an i n c r e a s e i n t h e number o f e l e c t r o n s and p h o t o n s i s e x p e c t e d 
w i t h a r e d u c t i o n o f gas p r e s s u r e i n t h e range 600 t o 50 T o r r . 
F i g u r e 5 . 1 4 shows the e f f e c t o f m i x i n g 0 . 1 % o f t h e m o l e c u l a r 
gases H ^ j C O ^ j O ^ j C ^ ^ , C H ^ and c ^ H ^ o ^ ° ^ e o n ^ n e r e i g n i t i o n 
p r o b a b i l i t y v e r s u s t i m e i n t e r v a l c h a r a c t e r i s t i c s a t 6 0 0 T o r r . A l l 
t h e gases a r e shown t o r educe the r e c o v e r y t i m e i n c o m p a r i s o n w i t h 
pu re N e , b u t i t i s t h e o r g a n i c gases w h i c h have t h e g r e a t e s t e f f e c t * 
r e d u c i n g t h e t i m e by more t h a n an o r d e r o f m a g n i t u d e . An i n t e r e s t i n g 
f e a t u r e o f t h e s e r e s u l t s i s t h a t t he v e r y e l e c t r o n e g a t i v e gases o f 0^ 
and C O ^ j w h i c h a r e c a p a b l e o f r e m o v i n g e l e c t r o n s f r o m t h e s e n s i t i v e 
vo lume v e r y r a p i d l y , a r e n o t so e f f e c t i v e as t h e o r g a n i c gases w h i c h 
have r e l a t i v e l y s m a l l e l e c t r o n c a p t u r e c r o s s - s e c t i o n s . The o r g a n i c 
g a s e s , h o w e v e r , a r e known t o have v e r y h i g h and b r o a d p h o t o a b s o r p t i o n 
c r o s s - s e c t i o n s p e c t r a ( 2 2 , 2 3 ) and t h i s may be r e g a r d e d as f u r t h e r 
e v i d e n c e s u p p o r t i n g t h e p h o t o n i n d u c e d seconda ry e l e c t r o n p r o c e s s 
d i s c u s s e d i n s e c t i o n 5 . 3 . 1 . 
The r e c o v e r y t i m e c h a r a c t e r i s t i c s may be i m p r o v e d f u r t h e r by 
i n c r e a s i n g t h e q u a n t i t y o f m o l e c u l a r g a s . I n f i g u r e 5 .15 t h e 
r e i g n i t i o n p r o b a b i l i t y v e r s u s t i m e i n t e r v a l i s p l o t t e d f o r q u a n t i t i e s 
o f 0 2 i n t h e range 0 . 0 1 t o 0.33%. F o r 0 .33% 0^ a r e c o v e r y t i m e 
o f a b o u t 16 ms i s o b t a i n e d . I n c r e a s i n g the amount o f 0^ even 
f u r t h e r , i s made d i f f i c u l t by v i r t u e o f i t s e l e c t r o n e g a t i v i t y , 
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w h i c h r e d u c e s t h e s e n s i t i v e t i m e c o n s i d e r a b l y and suppre s se s t h e 
s p r e a d i n g o f t h e d i s c h a r g e a l o n g the l e n g t h o f t h e t u b e , making 
o p e r a t i o n d i f f i c u l t w i t h o u t t h e use o f v e r y h i g h f i e l d s t r e n g t h s . 
W i t h C H ^ , h o w e v e r , up t o 2% can be added w i t h o u t a l t e r i n g t h e 
o p e r a t i n g c o n d i t i o n s s i g n i f i c a n t l y . F i g u r e 5 . 1 6 shows t h e e f f e c t 
o f i n c r e a s i n g t h e q u a n t i t y o f C H ^ . W i t h a 1.8% m i x t u r e , a r e c o v e r y 
t i m e o f a b o u t 4ms i s o b t a i n e d . 
On t h e b a s i s o f the.se r e s u l t s > s e a l e d f l a s h t u b e s were made 
• c o n t a i n i n g v a r y i n g amounts o f C H ^ a t d i f f e r e n t p r e s s u r e s . C H ^ was 
chosen i n p r e f e r e n c e t o o t h e r o r g a n i c gases because o f i t s i n e x p e n s e 
and a v a i l a b i l i t y . I n F i g u r e 5 . 1 7 t h e c h a r a c t e r i s t i c s o f 1.6cm 
i n t e r n a l d i a m e t e r t u b e s , f i l l e d w i t h N e ( 7 0 ) - H e ( 3 0 ) + 1.0& CH a t 
600 T o r r a r e shown. The c u r v e i s i n good ag reemen t w i t h r e s u l t s 
shown i n F i g u r e 5 . 1 6 , o b t a i n e d w i t h t h e gas m i x i n g s y s t e m . S m a l l e r 
t u b e s f i l l e d w i t h d i f f e r e n t Ne-He-CH m i x t u r e s a t 2 . 3 a t m o s p h e r e s , 
have a l s o been i n v e s t i g a t e d . F i g u r e 5 . 1 8 shows t h e r e s u l t s o b t a i n e d 
w i t h 1 . 0 , 1 . 5 , 2 . 0 and 2.1% m i x t u r e s o f C H ^ , g i v i n g r e c o v e r y t i m e s o f 
a f e w ms o r l e s s ( 2 4 ) . Tubes made f r o m Jena 16B soda g l a s s c o n t a i n i n g 
2 .0% CH^ have t h e s h o r t e s t r e c o v e r y t i m e ( < 0 . 6 m s ) , w h i c h may be 
a t t r i b u t e d t o t h e r e s i s t i v i t y b e i n g more t h a n a n o r d e r o f m a g n i t u d e 
l o w e r t h a n t y p e S95 soda g l a s s ( 8 ) . The f o l l o w i n g t a b l e summarizes 
t h e c h a r a c t e r i s t i c s and o p e r a t i n g c o n d i t i o n s o f t h e d i f f e r e n t t y p e s 
o f Ne-He-GH, t u b e s . 
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* C H 4 Tube 
I n t . D i a 
(cm) 
S i z e 
E x t . D i a 
(cm) 
G l a s s Type Recove ry 
Time 
(ms) 
S e n s i t i v e 
Time 
( y s ) . 
P u l s e d F i e l d 
He i c ih t L e n g t h 
k V c m " 1 ( uS) 
1 .0 0 . 6 0 . 8 S95 Soda 3 .3 1.6 1 0 . 0 2 . 0 
1.5 ii I I I I 2 . 0 1.4 I I 1.0 
2 . 1 ii I I I I < 1 . 0 1.2 I I 5 . 0 
2 . 0 0 . 8 2 0 . 8 5 Jena 16B Soda < 0 . 6 1.4 1 1 . 0 5 . 0 
5 . 3 . 3 C h a r a c t e r i s t i c s o f N e ( 7 p ) - H e ( 3 0 ) - C H 4 t u b e s 
The m i x i n g o f CH^ t o Ne-He i s e x p e c t e d t o have some i n f l u e n c e 
on t h e n a t u r e o f t h e d i s c h a r g e w h i c h i s p r o p a g a t e d a l o n g t h e l e n g t h 
c f t h e t u b e . I t w a s , t h e r e f o r e , n e c e s s a r y t o e n s u r e t h a t the gas 
a d d i t i v e had no adve r se e f f e c t on t h e w o r k i n g p r o p e r t i e s o f t h e 
d e t e c t o r . 
One v e r y i m p o r t a n t c o n s i d e r a t i o n i s t h a t t h e d e t e c t i n g e f f i c i e n c y 
r e m a i n s , h i g h f o r a t i m e p e r i o d g r e a t e r t h a n t h e d e l a y t i m e o f t h e 
h i g h v o l t a g e p u l s e . F o r t h i s r e a s o n , t h e e f f i c i e n c y v e r s u s t i m e 
d e l a y was measured f o r t u b e s c o n t a i n i n g l a r g e amounts o f CH^ a t h i g h 
p r e s s u r e . F i g u r e 5 . 1 9 shows t h e e f f i c i e n c y measurement f o r h i g h 
p r e s s u r e t u b e s c o n t a i n i n g Ne ( 7 0 ) - H e ( 3 0 ) + 1.0?CH . The l a y e r 
e f f i c i e n c y a t d e l a y s o f a f e w h u n d r e d nanoseconds i s seen t o be 
86% w h i c h r e p r e s e n t s an i n t e r n a l e f f i c i e n c y o f 100%. The s e n s i t i v e 
t i m e i s 1 . 5 u s , w h i c h c a n , i f n e c e s s a r y , be r e d u c e d f u r t h e r by t h e 
a p p l i c a t i o n o f an a l t e r n a t i n g c l e a r i n g f i e l d . The e f f e c t o f a 30V 
( p e a k ) cm ^ squa re wave c l e a r i n g ' f i e l d i s a l s o shown, g i v i n g a 
sens i t ive t i m e o f 0 . 5 u s . S e n s i t i v e t i m e c h a r a c t e r i s t i c s f o r o t h e r CH^ 
m i x t u r e s were f o u n d t o be a l m o s t i d e n t i c a l t o t h e 1.0% m i x t u r e shown 
i n F i g u r e 5 . 1 9 . C o m p a r i s o n o f t hese c h a r a c t e r i s t i c s may be made 
f r o m t h e t a b l e i n s e c t i o n 5 . 3 . 2 . 
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The e f f i c i e n c y i s , h o w e v e r , dependen t on t h e f i e l d s t r e n g t h , 
and e f f i c i e n t d e t e c t i o n can o n l y be a c h i e v e d i f t h e peak e l e c t r i c 
f i e l d i s above a c e r t a i n t h r e s h o l d v a l u e . The t h r e s h o l d v a l u e i s 
o b t a i n e d f r o m F i g u r e 5 . 2 0 where t h e l a y e r e f f i c i e n c y i s p l o t t e d as a 
f u n c t i o n o f peak f i e l d s t r e n g t h . The l a y e r e f f i c i e n c y p l a t e a u s a r e 
r e a c h e d a t a b o u t 6 and 10 KV cm ^ f o r t h e low and h i g h p r e s s u r e CH^ 
t u b e s r e s p e c t i v e l y , u s i n g a p u l s e w i t h ah e x p o n e n t i a l decay t i m e 
c o n s t a n t o f 2 u s . These f i e l d s t r e n g t h s a r e v e r y s i m i l a r t o t h o s e 
r e q u i r e d f o r t h e e f f i c i e n t o p e r a t i o n o f n o r m a l Ne-Hc t u b e s ( 2 5 , 1 8 ) . 
F l a s h t u b e s w h i c h a r e c a p a b l e o f o p e r a t i o n a t r e p e t i t i o n r a t e s 
above 10 Hz a r e o f l i t t l e use u n l e s s a u t o m a t i c d i g i t i z a t i o n i s 
a t t a i n a b l e . The e f f e c t o f a d d i n g CH^ a t h i g h p r e s s u r e on t h e 
magn i tude o f t h e d i g i t i z a t i o n p u l s e w a s , i n t h i s r e s p e c t o f c o n c e r n 
and has been i n v e s t i g a t e d f o r t u b e s o f 0 . 6 cm i n t e r n a l d i a m e t e r 
c o n t a i n i n g 2 . 1 % CH^ a t 2 . 3 a t m o s p h e r e s . A s m a l l t e s t sy s t em was 
c o n s t r u c t e d w i t h d i g i t i z a t i o n p r o b e s as shown s c h e m a t i c a l l y i n 
F i g u r e 5 . 2 1 . The o u t p u t f r o m t h e p r o b e s was c o n n e c t e d i n t o a 5 . 6 K ^ 
i n p u t impedance and t h e p u l s e h e i g h t d i s t r i b u t i o n was measured and 
r e c o r d e d w i t h a p u l s e h e i g h t a n a l y s e r . The r e s u l t s a r e shown i n 
F i g u r e 5 . 2 2 , g i v i n g a s p e c t r u m o f p u l s e s o f more t h a n s u f f i c i e n t 
a m p l i t u d e t o d r i v e a l o g i c s y s t e m w i t h o u t a m p l i f i e r i n t e r f a c i n g . 
The h e i g h t o f t h e p u l s e s d e c a y e x p o n e n t i a l l y w i t h a d e c a y c o n s t a n t 
o f 4 uso The p u l s e h e i g h t s c o u l d be v a r i e d by a l t e r i n g t h e d i s t a n c e s 
x and d as d e f i n e d - i n F i g u r e 5 . 2 1 , o r by c h a n g i n g t h e i n p u t 
impedance . 
5 . 4 C o n c l u s i o n 
The d i f f i c u l t i e s i n h e r e n t w i t h n o r m a l f l a s h t u b e d e t e c t o r s f o r 
use i n a c c e l e r a t o r e x p e r i m e n t s have been i n v e s t i g a t e d and t h e i r 
c h a r a c t e r i s t i c s s u b s t a n t i a l l y i m p r o v e d by t h e use o f a l t e r n a t i n g 
no field 
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4 5 6 7 
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F IG. 5-19. Layer Efficiency versus Time Delay for 0-6 cm. internal 
diameter tubes filled with Ne (70)-He(30)+10% C H , at 
2-3 atmospheres. • * -
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c l e a r i n g f i e l d s and t h e a d d i t i o n o f s m a l l q u a n t i t i e s o f m o l e c u l a r 
g a s . Measurements o f f a s t , s h o r t s e n s i t i v e t i m e t u b e s c o n t a i n i n g 
Ne-He-CH^ m i x t u r e s a t h i g h p r e s s u r e have i n d i c a t e d t h e i r s u i t a b i l i t y 
f o r o p e r a t i o n i n a b a c k g r o u n d r a d i a t i o n i n t e n s i t y o f 10 p a r t i c l e / 
t u b e / s e c o n d 3nd a t r e p e t i t i o n r a t e s o f a b o u t l K H z . 
I t was n o t t h e p u r p o s e o f t h i s w o r k t o make a d e t a i l e d s t u d y 
o f t h e p r o c e s s e s w h i c h cause u n d e s i r a b l e c h a r a c t e r i s t i c s i n n o r m a l 
- f l a s h t u b e s , a l t h o u g h a q u a l i t a t i v e a n a l y s i s has been g i v e n i n t e r m s 
o f o b s e r v e d e x p e r i m e n t a l d a t a . No c o n c l u s i v e r e s u l t s have been d rawn 
c o n c e r n i n g t h e n a t u r e o f t h e l o n g r e c o v e r y t i m e , b u t f r o m e x p e r i m e n t a l 
e v i d e n c e p r e s e n t e d h e r e , i t seems v e r y p r o b a b l e t h a t t h e phenomenon 
i s a r e s u l t o f t h e h i g h r e s i s t i v i t y o f t h e g l a s s , w h i c h p r o l o n g s 
t h e e x i s t e n c e o f f i e l d s i n s i d e t h e t u b e , t h u s m a i n t a i n i n g weak 
d i s c h a r g e s w h i c h a r e a s o u r c e o f u l t r a v i o l e t p h o t o n s . I t i s p o s s i b l e , 
t h a t t h e r e c o v e r y and s e n s i t i v e t i m e p r o b l e m s a s s o c i a t e d w i t h n o r m a l 
t u b e s may be overcome by methods o t h e r t h a n t h o s e d e s c r i b e d he re 
i f a l ow r e s i s t i v i t y g l a s s ( s e r n i - c o n d u c t i n g ) c o u l d be p r o d u c e d 
i n e x p e n s i v i f f l y , w i t h s u f f i c i e n t m e c h a n i c a l s t r e n g t h and m a l l e a b i l i t y 
t o be f o r m e d i n t o an e n v e l o p e . No such g l a s s w i t h t he se c h a r a c t e r i s t i c 
i s known t o e x i s t a t p r e s e n t , a l t h o u g h e v e n i f such a m a t e r i a l was 
a v a i l a b l e , t h e need f o r c h a n g e , i n v i e w o f t h e s i m p l i c i t y o f t h e 
methods d e s c r i b e d i n t h i s .work f o r common soda g l a s s , i s h a r d l y 
j u s t i f i e d . 
Measurements o f t h e r e c o v e r y t i m e w h i c h have so f a i r been 
r e p o r t e d , have a l l been o b t a i n e d by p u l s i n g t h e t u b e a f t e r t h e 
passage o f a p a r t i c l e and t h e n r e p u l s i n g a f t e r a p r e d e t e r m i n e d d e l a y . 
These measurements do n o t , h o w e v e r , e n s u r e t h a t t h e t u b e r e t a i n s 
i t s h i g h d e t e c t i n g e f f i c i e n c y f o r r e c o r d i n g t h e passage o f a second 
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p a r t i c l e a f t e r t h e i n t i a l d i s c h a r g e . E x p e r i m e n t s u s i n g a p a r t i c l e 
beam, were t h e r e f o r e n e c e s s a r y i n t h i s r e s p e c t , b e f o r e t h e d e t e c t o r 
c o u l d be c o n s i d e r e d a c c e p t a b l e f o r use i n a c c e l e r a t o r p h y s i c s . 
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6 . 1 I n t r o d u c t i o n 
D i g i t i z e d f l a s h t u b e s c o n t a i n i n g a Ne-He-CH m i x t u r e were b u i l t 
i n t o a d e t e c t i n g a r r a y and used w i t h t h e D a r e s b u r y N u c l e a r P h y s i c s 
+ 
L a b o r a t o r y A c c e l e r a t o r e t e s t beam a t e n e r g i e s o f a f e w GeV. The 
o b j e c t i v e s o f e x p e r i m e n t s p e r f o r m e d w i t h t h i s chamber were t h r e e f o l d : 
( l ) To c o n f i r m t h a t Ne-He-CH t u b e s o p e r a t e a t h i g h 
r e p e t i t i o n r a t e s » as i n d i c a t e d by t h e l a b o r a t o r y r e s u l t s . 
('2) To ensu re t h a t t h e d e t e c t i o n e f f i c i e n c y i s m a i n t a i n e d 
a t h i g h r e p e t i t i o n r a t e s . 
( 3 ) To v e r i f y t h a t t h e d i g i t i z a t i o n t e c h n i q u e i s c o m p a t i b l e 
w i t h s t a n d a r d c o m p u t e r d a t a a c q u i s i t i o n t e c h n i q u e s (CAiVAC) 
w i t h o u t t h e n e c e s s i t y o f a m p l i f i e r i n t e r f a c i n g e l e c t r o n i c s . 
T h i s r e q u i r e d t h e d i g i t i z a t i o n p u l s e t o r e m a i n o f s u f f i c i e n t 
a m p l i t u d e t o d r i v e NIM s t a n d a r d e l e c t r o n i c s w i t h 50 ohm i n p u t 
impedance a f t e r t r a n s m i s s i o n t h r o u g h a s u b s t a n t i a l l e n g t h 
o f c o n n e c t i n g c a b l e 0 
602 E x p e r i m e n t a l A r r a n g e m e n t 
A m o d u l a r f l a s h t u b e chamber c o n s i s t i n g o f a t o t a l o f 128 t u b e s 
was i n s t a l l e d i n t h e DNPL t e s t beam e x p e r i m e n t a l area such t h a t 
m o n o e n e r g e t i c p o s i t r o n s passed t h r o u g h t h e c e n t r e o f t h e s y s t e m . Each 
t u b e was d i g i t i z e d and t h e o u t p u t i n f o r m a t i o n c o u l d be r e a d and s t o r e d 
by a s m a l l compu te r a f t e r each even to C o u n t e r l o g i c s e l e c t e d s i n g l e 
p a r t i c l e e v e n t s a t p r e d e t e r m i n e d r e p e t i t i o n r a t e s such t h a t s e v e r a l 
t h o u s a n d p a r t i c l e t r a j e c t o r i e s c o u l d be s t o r e d a t each r a t e and a n a l y s e d 
i n t e r m s o f e f f i c i e n c y and r e i g n i t i o n p r o b a b i l i t y . 
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+ 
6 . 2 . 1 The DNPL e T e s t Beam. 
E l e m e n t s o f t h e DNPL t e s t beam f a c i l i t y i n r e l a t i o n t o t h e 
f l a s h t u b e d e t e c t i n g sys tem a r e shown i n F i g u r e 6 . . 1 . A c c e l e r a t e d 
e l e c t r o n s a r e m?.de t o i m p i n g e on a t u n g s t e n t a r g e t i n magnet No. 4 
e i t h e r by p e r t u r b i n g t h e c i r c u l a t i n g beam w i t h a p u l s e d m a g n e t i c 
f i e l d ( ' beam b u m p 1 ) o r by s i m p l y b e i n g s c a t t e r e d o n t o - i t a f t e r 
t a r g e t i n g a t one o f t h e o t h e r s t a t i o n s r o u n d t h e machine ( ' p a r a s i t i c 
b e a m ' ) . The p h o t o n beam, r e s u l t i n g f r o m . B r e m s s t r a h l u n g i n t h e t a r g e t , 
i s t h e n s c r u b b e d o f c h a r g e d p a r t i c l e s by a pe rmanen t magnet and 
s e c o n d a r y c o l l i m a t o r © The l a t t e r a l l o w s t h e p h o t o n beam t h r o u g h t o 
one o f s e v e r a l c o n v e r s i o n t a r g e t s , w h i c h may be s e l e c t e d r e m o t e l y 
f r o m the c o n t r o l r o o m . E l e c t r o n - p o s i t r o n p a i r s a r e t h e n momentum 
a n a l y s e d by a b e n d i n g magnet and f i x e d momentum d e f i n i n g s l i t , b e f o r e 
e m e r g i n g t h r o u g h a 50mm square c o l l i m a t o r i n t o t h e t e s t beam 
e x p e r i m e n t a l a r e a . M o n o s n e r g e t i c {± 1.0%) p o s i t r o n s a r e t h u s p r o d u c e d 
be tween 0 . 2 GeV/c and t h e maximum s y n c h r o t r o n o p e r a t i n g e n e r g y a t 
4 . 
r a t e s up t o 10 p a r t i c l e s p e r a c c e l e r a t o r p u l s e ( 1 ) « 
N o r m a l l y when t h e t e s t beam i s used i n beam ' b u m p ' mode o n l y 
one e x t r a c t i o n i s made e v e r y 60 a c c e l e r a t i o n c y c l e s o T h a t i s , t h e 
t e s t beam u s e r r e c e i v e s one p a r t i c i e p u l s e a f t e r e v e r y 60 m a i n u s e r 
e x t r a c t i o n s . F o r t h e s e e x p e r i m e n t s , h o w e v e r , f a s t r e p e t i t i o n r a t e s 
r e q u i r e d an e x t r a c t i o n e v e r y c y c l e , such t h a t a p a r t i c l e beam was 
p r o d u c e d e v e r y 20mS. The p r o b l e m was overcome by a p p l y i n g t h e beam 
' b u m p ' magnet p u l s e j u s t b e f o r e the m a i n e x t r a c t i o n t i m e . W i t h t h e 
a m p l i t u d e o f t h e beam ' bump ' p u l s e s u i t a b l y a d j u s t e d a f e w p a r t i c l e s 
c o u l d be e x t r a c t e d e v e r y c y c l e j u s t b e f o r e a c q u i r i n g peak e n e r g y i n 
t h e a c c e l e r a t i o n t i n e , w i t h o u t s e r i o u s l y p e r t u r b i n g the c i r c u l a t i n g 
beam. By t h i s method a b o u t 10'" p a r t i c l e s p ' ; r p u l s e c o u l d be e x t r a c t e d 
e v e r y 20 ms, w i t h a p p r o x i m a t e l y 6C/j o f the maximum s y n c h r o t r o n 
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operating energy.. Figure 6.2 shows the temporal behaviour of the tes t 
beam 'bump' pulse i n r e l a t i o n to the c i r c u l a t i n g beamo 
6.2.2 The Flash Tube Chamber 
The f l a sh tube chamber shown i n Figure 6 .5 , consisted of e igh t , 
separate, self-contained electrode modules each containing two sets 
of e ight l<>6cm in t e rna l diameter tubes. Each set of tubes was 
positioned i n orthogonal X-Y planes e i ther side of a central H.T. 
e lectrode, to give a t o t a l de tec t ing area of 15.2 x 15.2cm. The 
separate electrode modules were held i n pos i t i on along the beam l ine 
axis by a demountable framework which allowed easy access to any 
ind iv idua l sect ion. A space was provided between each module f o r 
accommodating up to two rad ia t ion lengths of lead target f o r 
electromagnetic shower production experiments (discussed i n Chapter 7). 
The tubes were made to f i t closely together wi th d i g i t i z a t i o n probes, 
into machined aluminium blocks, which provided a support and earth 
screen against e l e c t r i c a l interference from the high voltage pulser. 
The aluminium blocks were machined such that the tubes were 0.1cm 
apart . Figure 6.3 shows a photograph of a machined block wi th i t s 
d i g i t i z a t i o n probe assembly. 
D i g i t i z e d output information was obtained from each tube wi th 
a small probe made from a 6BA screw, which was placed i n contact with 
the glass tube end window. The probes were held i n a central pos i t ion 
by perspex spacers, which were made to be a close f i t i n the machined 
hole . A 2.2Kft - res is tor joined the probe to a 50ft BNC coaxial output 
socket (see f igu re 6.3) which provided a d i g i t i z a t i o n system t o t a l l y 
shielded from external e l e c t r i c a l in te r ference . This v/as important , 
i n view of the high voltage pulser being a distance less than a 
meter from the probe outputs. Figure 6.4 shows the dimensions of the 
H.T. electrode and probes, r e l a t i ve to the face of the machined 
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aluminium block, which gave an output pulse of suitable magnitude 
to t r i g g e r the CAMAC logic a f t e r transmission through 13 f t of SOohm 
coaxial cable. A d i g i t i z a t i o n pulse wi th amplitude 1.2 vo l t s and 
100ns exponential decay time (see Figure 6.4) was obtained with 
d = 3.0 cm, x = 1.5cm, R = 2.2Kft and Z^^ = 50ft , as defined i n 
Figure 6.4a. Amplitude f luc tua t ions amounted to + 20%, which was 
acceptable with a CAMAC 700mV input t r i g g e r threshold l eve l ( 3 ) . Output 
pulses were taken from the probes through 13 f t of 50 ohn doubly screened 
coaxial cable, without e lect ronic a m p l i f i e r i n t e r f a c i n g , and fed 
d i r e c t l y in to e ight 16-bi t CAMAC Pattern uni ts (16P2007), where the 
information was stored i n addressed regis ters before being read by a 
POP 11 computer. Figure 6.5 shows a photograph of the complete ; chamber 
wi th output cables leading "to the CAMAC data acquis i t ion system. 
The high voltage pulse was generated by discharging a 6000 pf 
capacitor across a 330ft r e s i s t o r , thus producing a 6KV cm ^ peak 
e l e c t r i c f i e l d with a 2.0us exponential decay t ime. The capacitor 
was discharged by switching a t r i g e r t r o n spark gap (2.) dr iven by a 
EGG HV 100 pulsing u n i t . The t o t a l delay and r ise times of the high 
voltage pulse were measured to be 250ns (from the s c i n t i l l a t o r 
coincidence) and 60ns respect ively. The high voltage power supply 
was capable of supplying adequate current to recharge the 6000pf 
capacitor w i t h i n the shortest cycl ing time of 20ms. The recharging 
time constant was made to be 7ms with a charging res i s to r of 1.2Mft 
g iv ing a maximum, current drain of 10 mA. A square wave 100Hz a l te rna t ing 
clearing f i e l d of 30v cm * was also applied to the electrodes using a 
reed switch as described i n section 5.2 .2 . This produced a t r a i n of 
square pulses with a leading edge r ise time of 100 us. 
The f l ash tubes were made from type S95 soda glass of 1.6cm 
in t e rna l diameter, 0,1 cm wal l thickness, and f i l l e d wi th Ne(70)-He(30) 
f^S-6-5 The flash tube chamber 
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plus loO% methane at 600 t o r r pressureo The charac ter is t ics of these 
tubes were measured before the experiment and were found to be i n 
agreement wi th measurements made with the gas mixing system, described 
i n section 5.3.2. Figure 6.12 shows the layer e f f i c i e n c y versus time 
delay character is t ics with the appl ica t ion of a 30v cm ^ square 
wave clear ing f i e l d , g iv ing a sensit ive time of 1.0 u s and layer 
e f f i c i e n c y (at zero time delay) of 82%* Figure 6.13 shows the r e i g n i t i o n 
p r o b a b i l i t y versus time i n t e r v a l cha rac te r i s t i c s , g iv ing a recovery 
"time of 7ms. 
6.2.3 Data Acquis i t ion 
Par t ic le events were selected by a coincidence t r i gge r from three 
beam de f in ing s c i n t i l l a t i o n detectors placed before the f l a s h tube 
chamber, as shown i n f igure 6.6. Upon the passage of an e^ " p a r t i c l e , 
a coincidence signal was generated i f cer ta in conditions were f u l f i l l e d 
by a c o n t r o l l i n g log ic system b u i l t with E.G.G. modular e lec t ronics . 
This signal was then used to t r i gge r the high voltage pulser and 
provide a computer i n t e r rup t command which i n i t i a l i z e d a data processing 
subroutine program. The logic system, besides producing t r i g g e r i n g 
s igna ls , had f i v e other important funct ions which are described below. 
(1) The only pa r t i c l e s selected were those extracted during the 
beam 'bump' pulse. This subs tan t ia l ly reduced the number of 
spurious t r i gge r s from background rad ia t ion and ensured that 
the p a r t i c l e detection occured at the same ins tant i n each 
cycle.. For t h i s purpose the ex t rac t ion pulse was used to 
t r i g g e r Gate 2 (Figure 6.6) such tha t the AND was 'enabled' 
f o r a period of '2ms. 
(2) Only one pa r t i c l e from each beam ex t rac t ion i n every 
accelerating cycle was selected. This prevented the high 
voltage pulser t r i g g e r i n g on every p a r t i c l e w i t h i n a beam 
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•bump' ex t rac t ion period. Thus, only the f i r s t pa r t i c l e 
was recorded from each bunch of p a r t i c l e s . This condi t ion 
was achieved wi th Gate 1 which provided a coincidence veto 
pulse f o r a durat ion greater than the beam s p i l l time 
a f t e r a detected event. 
(3) The event r e p e t i t i o n rate could be set to be any in teg ra l 
number of accelerating cycles. That i s , a pa r t i c l e could 
be selected every 20, 40, 60 . . . . m s , e tc . The rate was 
selected by Gate 3 which applied a stop pulse of length 
equivalent to a predetermined number of cycles. 
(4) The CAMAC data regis ters were read at the end of every preset' 
time i n t e r v a l regardless of p a r t i c l e information being present. 
This provided the information necessary f o r d is t inguishing 
whether events were consecutive or not , w i t h i n the predetermined 
r e p e t i t i o n r a t e 0 • 
(5) The pulsing system was paralysed, while the computer was 
processing data, by applying a ' s top ' pulse to Gate 2. This 
pulse was generated from a CAMAC i n h i b i t pulse via an OR gate. 
Thus each event was selected by the log ic system at a set 
r e p e t i t i o n r a t e , and the t r a j e c t o r y data stored i n eight 16-bi t CAMAC 
storage regis ters (Pattern uni ts type 16P2O07). This information 
was read, a f t e r each event, in to the memory core of a PDP 11 (l6K) 
computer i n eight 16-bi t words u n t i l the core was f u l l , where upon 
the system was paralysed, u n t i l a l l the data had been t ransferred 
to punched paper tape. In t h i s way, 200 consecutive events could be 
stored i n the computer at a t ime. The computer program was w r i t t e n 
and cont ro l led by means of a teletype v i sua l display terminal which 
could also be used to display data af ter c o l l e c t i o n . Figure 6.7 shows 
a photograph of the computer, t e le type , and CAMAC. The computer 
Fig. 6-7 The data acquisition system consisting of a 
PDP11 computer, teletype and CAMAC •" 
electronics 
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program vhich cont ro l led the CAMAC and data acquis i t ion i s described 
i'n d e t a i l i n Appenix I I I o 
6e3 Experimental Procedure 
The object of t h i s experiment was to accumulate enough p a r t i c l e 
t r a j e c t o r y data at known repetition rates f o r analysis i n terms of 
detect ing e f f i c i e n c y and tube recovery t ime 0 
During the prel iminary tests wi th the chamber several data 
acquisit ion problems were encountered which had to be overcome before 
any r e l i ab l e data could betaken. Most of these problems were a resul t 
of severe e l e c t r i c a l interference caused by the high voltage spark gap 
rad ia t ing high frequency noise. This produced spurious operation of 
the computer and l o g i c , although d i f f i c u l t i e s were expected, due to 
the high voltage pulser being not more than two meters distance from 
the data a c q i s i t i o n system. Normal operation could only be at tained 
a f t e r taking several precautionary measures against the in ter ference; 
the spark gap pulser was t o t a l l y enclosed i n a metal box, the computer 
and logic power supplies were f i t t e d with high frequency mains f i l t e r s , 
earth loops to and from the iogic system were minimized and a heavy 
copper earth re turn lead was connected to the high voltage power supply. 
Similar problems were experienced i n some channels of the CAMAC storage 
regis ters (Pattern un i t s ) where spurious input pulses t r iggered fa lse 
l og i c l eve l s . This was found to be caused by ' c ross - t a lk ' interference 
between some coaxial cables'connecting the chamber outputs to the CAMAC 
inputs and was overcome, very simply, by replacing the cables wi th 
double screened 50ft coaxial cable. 
For the recovery time experiment i s was necessary f o r the incident 
beam to be not so f i n e l y collimated tha t a l l pa r t i c l e s passed along, 
the same t r a j ec to ry , making a r e i g n i t i o n p r o b a b i l i t y determination 
impossible. By select ing sui tably sized coinicidonce s c i n t i l l a t i o n 
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detectors and using the largest co l l imator aperture, i t was possible 
f o r p a r t i c l e t r a j e c t o r i e s to be recorded at random posi t ions across 
the detect ing area of the chamber. Thus, the p robab i l i t y of consecutive 
tracks having the same t r a j e c t o r y i n the chamber was minimized. 
• Over 700 events were recorded at each f i x e d r e p e t i t i o n rate i n 
the range 5-50 Hz, i n a beam of momentum 2.0 GeV/c. Data was w r i t t e n 
d i r e c t l y from the computer store onto paper tape which was l a t e r 
t ransfer red to magnetic disc f o r analysis.. 
6.4 Experimental Results 
Computer programmes were w r i t t e n to analyse s t ra igh t track 
data- i n terms of detecting e f f i c i e n c y and r e i g n i t i o n p r o b a b i l i t y 
using the DNPL IBM 36o/l65 computer. 
6 .4 .1 E f f i c i e n c y 
The detect ing e f f i c i e n c y was calculated f o r the chamber and each 
module independently, as a func t ion of repetition ra te . Figure 6.8 
shows a graph of the overa l l chamber layer e f f i c i e n c y versus the 
time between events. From t h i s graph i t i s clear that there i s no 
de t e r io ra t ion i n e f f i c i e n c y with increasing r e p e t i t i o n ra te . The 
layer e f f i c i e n c y i s maintained at about 80%, which agrees wel l wi th 
the value of 82% which would be obtained f o r an in te rna l e f f i c i e n c y 
of lOO/o. In Figure 6.9 the layer e f f i c i e n c y i s p lo t ted f o r each 
of the e ight modules independently, at the fas tes t r e p e t i t i o n rate 
of 50 Hz. Again, the layer e f f i c i e n c y i s seen to remain high i n a l l 
modules, never f a l l i n g below 70%<> 
6.4Q2 Reiqni t ion Probabi l i ty 
The r e i g n i t i o n p robab i l i t y was measured by counting the t o t a l 
number of tubes which re ign i t e from the previous event as a f r a c t i o n 
of the t o t a l number of i g n i t i o n s . Figure 6.10 shows the mean 
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r e i g n i t i o n p r o b a b i l i t y of the chamber as a func t ion of the time 
between events. The calculated values are seen to be constant 
at about 25%, there being no ind ica t ion of increasing r e i g n i t i o n 
p r o b a b i l i t y wi th increasing repetition ra te . The resul ts do not give 
a zero r e i g n i t i o n p r o b a b i l i t y } however, because with such a small 
detect ing area and a we l l coll imated beam, there is a f i n i t e p robab i l i t y 
that consecutive pa r t i c l e s w i l l pass through the same tubes. From 
beam p r o f i l e measurements across the plane of the tubes, t h i s 
p r o b a b i l i t y was calculated to be 28%, which agrees wel l wi th the 
measured r e i g n i t i o n p robab i l i t i e s which lay around 25%. I t i s 
i n f e r r e d , there fore , that the actual r e i g n i t i o n p robab i l i t y is 2.ero up to a 
r e p e t i t i o n rate of at least 50Hz. In addi t ion to the ove ra l l r e i g n i t i o n 
p r o b a b i l i t y , computations were made f o r i nd iv idua l modules. Figure 
6.11 shows the r e i g n i t i o n p r o b a b i l i t y at f i v e d i f f e r e n t r e p e t i t i o n 
rates f o r each module. Again, the resul t s are seen to be very 
consistent about a value of 25%. 
6.4.3 Sensitive Time 
No d i r ec t measure of the sensit ive t ime, or the capab i l i ty of 
tubes to operate i n a high background rad ia t ion were possible from 
t h i s data, although empirical evidence suggests tha t the tubas operate 
5 
s a t i s f a c t o r i l y i n a background of about 10 pa r t i c l e s per second per 
tube 0 This was in fe r r ed from the beam charac ter i s t ics where i t was 
common f o r consecutive p a r t i c l e s , i n a s p i l l of about 200 p a r t i c l e s , 
to be separated-by. only a few microseconds, even though the t o t a l 
s p i l l time was of the order of a few mil l iseconds. From the data 
analys is , however, there were no signs of mul t i t rack events, ind ica t ing 
that the sensi t ive time i s of the order of a microsecond or l ess , 
being i n agreement with previous laboratory measurements using a l t e rna t ing 
c lear ing f i e l d s , as shown i n Figure 6.12. 
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More than 10 events have been recorded during t h i s series of 
experiments, using the same Ne-He-CH^ tubas, without any measurable 
change i n charac te r i s t i cs . This shows the gas mixture to be stable 
and that changes i n the molecular properties of methane caused by 
ion i za t i on and dissociation during the discharge may be regarded as 
i n s i g n i f i c a n t . 
6.5 Conclusion 
The resu l t s of t h i s experiment have shown that Ne-He-GH^ 
f i l l e d f l a sh tube detectors are capable of e f f i c i e n t l y determining 
the t r a j e c t o r y of high energy par t i c les at r e p e t i t i o n rates of at 
least 50Hz. The tes t beam resul ts agree we 11 wi th laboratory recovery 
and sensitive time measurements described i n chapter 5, v e r i f y i n g 
the character is t ics which are necessary f o r operation under accelerator 
condi t ions . 
The e f f i c i e n c y resu l t s are p a r t i c u l a r l y s i g n i f i c a n t with respect 
to i n t e r n a l l y induced . clearing f i e l d s which are known to develop i n 
tubas of t h i s type. Moreover, there was some j u s t i f i c a t i o n f o r 
expecting a reduced detecting e f f i c i e n c y at high r e p e t i t i o n rates 
based on the resul ts of Holroyd's (4) work, which has shown.that the 
induced clearing f i e l d strength i s proport ional to the r e p e t i t i o n ra te . 
The t e s t beam resul t s presented here, however, indicate that these 
f i e l d s have l i t t l e e f f e c t , up to r e p e t i t i o n rates of SOHz, providing 
the H.T. pulse delay i s s u f f i c i e n t l y short . The H.T. pulse delay 
was measured to.be 250nS, which i s a t y p i c a l delay time f o r pulsing 
systems of t h i s purpose. 
Although the r e p e t i t i o n rate could not be increased enough 
to make an exact determination of the recovery t ime , the measurements 
made up to 50Hz show no de te r io ra t ion i n the character is t ics compared 
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to laboratory measurements. Figure 6.13 shows the r e i g n i t i o n 
p r o b a b i l i t y curve as measured i n the laboratory , which agrees we l l 
wi th the beam experiments up to 50 Hz, whore the p r o b a b i l i t y remained 
at zero<> Thus, there i s some confidence i n accepting the v a l i d i t y 
of the laboratory measurement, which suggests that f l a sh tubes with 
high concentrations of CH^ w i l l operate at r e p e t i t i o n rates of about 
1 KHz. The v e r i f i c a t i o n of t h i s , however, requires the construction 
of a more sophisticated experiment, where f a s t data handling and 
high voltage pulsing problems become d i f f i c u l t . A descr ip t ion of 
the construction of such a system is given i n d e t a i l i n chapter 8. 
The ""compatibility of the f l a sh tube d i g i t i z a t i o n technique 
with conventional computer data acquis i t ion e lectronics was confirmed 
d i r e c t l y from the e f f i c i e n c y measurements. The overa l l detecting 
e f f i c i e n c y i s dependent on the f l a sh tube e f f i c i e n c y and the d i g i t i z a t i o n 
e f f i c i e n c y . Therefore, the high ove ra l l detect ing e f f i c i e n c y measured 
i n these experiments v e r i f i e s the compa t ib i l i t y of the technique with 
CAMAC elec t ronics . Furthermore, these resul t s have demonstrated that 
f l a s h tubes may be d i g i t i z e d d i r e c t l y in to a computer read-out system 
without the necessity of bu i ld ing i n t e r f a c i n g a m p l i f i e r s . This has 
pa r t i cu la r s ignif icance to accelerator experiments where large area 
detectors are required and the cost per detect ing channel i s of concern. 
The resu l t s presented i n th i s chapter have ascertained the a b i l i t y 
of the device to operate e f f i c i e n t l y under accelerator conditions using 
conventional data acqu i s i t ion e lec t ron ics , and show that the exp lo i t a t ion 
and appl ica t ion of the device i s possible. 
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C H A P T E R S E V E N 
THE DETECTION OF HIGH ENERGY GAMMA RADIATION 
7.1 Introduct ion 
the d i g i t i s e d f lash tube may have many potent ia l applicat ions 
i n accelerator physics, but a use of pa r t i cu l a r s ignif icance i s i n 
tha t class of detectors which are concerned wi th the measurement of 
high energy gamma rad i a t i on . Flash tubes wi th short sensit ive and 
recovery times may f a c i l i t a t e a large area detecting device capable 
of providing d i g i t i z e d energy and t r a j e c t o r y information wi th s i m p l i c i t y } 
r e l i a b i l i t y and low cost , i n comparison with conventional garnme ray 
detecting techniques (see section 4.3 )„ The purpose of t h i s chapter 
i s to describe a study of high energy gamma ray detection using a 
prototype f l a sh tube chamber i n the DNPL e" accelerator beam. The 
prime mot iva t ion , behind t h i s inves t iga t ion was not to b u i l d a high 
resolut ion detector, but to demonstrate that energy and. t r a j e c t o r y 
measurements of cascade showers, i n the GeV region, are possible using 
large diameter tubes i n a chamber of small overa l l dimensions. 
A f u l l y d i g i t i s e d f l a s h tube chamber was constructed and used 
v^ith the e + accelerator beam wi th the purpose of simulating photon 
induced electromagnetic showers at energies of a few GeV. The shower 
structure data was analysed and interpreted to give spa t ia l and 
momentum informat ion , from which the resolving capab i l i t i e s of the 
device were measured. These resul ts also provided information necessary 
f o r the construction of an improved device of larger dimensions wi th 
greater energy and spat ia l reso lu t ion . 
7<>2 The Principles of High Energy Gamma Detection 
Photons of energy above a few KeV are detected, by v i r t u e of t h e i r 
in te rac t ion with atoms i n an absorbing medium to produce electrons, 
positrons and secondary photons. The three main processes by /jhich 
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photons lose t h e i r energy by in terac t ions with matter are photoelectr ic 
e f f e c t , Compton e f f e c t and pai r productiono These processes are dominant 
i n . d i f f e r e n t ranges of the photon energy: the photoelectr ic e f f e c t from 
OoOl MeV to 0„5 MeV, the Compton e f f e c t from Ool MeV to 10 MeV, 
and pai r production s ta r t s at 1.02 MeV and increases wi th increasing 
gamma energy ( l ) . These three in terac t ions and t h e i r products are 
summarized by the fo l l owing expressions: 
+ 
Y + A •> A. + e photoelectr ic 
Y + e •** Y ' + e Compton 
Y + A "*• A + e"* + e pa i r production 
Detectors which determine the energy of photons are made to be 
sensit ive to the amount of energy deposited by measuring the degree 
of i on iza t ion i n the absorbing mate r ia l . At energies below about 1 MeV 
semiconducting Si or Ge detectors (2 ,3 ) are used which c o l l e c t f ree 
electrons created by ion iza t ion i n the reverse bias depletion region 
inside the c r y s t a l . The c o l l e c t i o n of charge resul ts i n a po ten t i a l 
drop across the detector g iv ing a pulse which i s proport ional to the 
energy of the incident photon. The gas proport ional counter (4 ) t oo , 
i s used to detect low energy photons. This device r e l i e s on electron 
avalanche a m p l i f i c a t i o n i n an e l e c t r i c f i e l d , to give a signal w i t h 
magnitude proport ional to the number of e lec t ron- ion pairs produced 
by ion iza t ion i n the gas volume. For higher energies the inorganic 
c r y s t a l s c i n t i l l a t i o n counter (o ,6 ) i s a suitable photon detecting 
device which u t i l i z e s a photomul t ip l ier to produce an e lec t ronic signal 
from l i g h t emitted by the exc i t a t i on of electrons wi th atoms and 
molecules of the crystals Commorcially available crystals w i l l measure 
photon energies up to about 100 MeV, although special devices have 
been made 'which are capable of operation, i n the GeV region (31) 
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A l l the above mentioned detectors have an upper energy l i m i t 
on t h e i r working range which i s f i x e d by the i r physical size<> Photons 
outside t h i s range and of greater energy cause in teract ions which are 
not completely contained w i t h i n the device, r e su l t ing i n an output 
signal which i s no longer a measure of the t o t a l incident energyo 
The problem of measuring high energy gamma rad ia t ion necessitates 
t o t a l absorption techniques which provide much larger amounts of 
in t e rac t ing matter to give a signal which remains propor t ional to 
the incident energy over a s u f f i c i e n t l y wide spectrum of gamma energyo 
I f the energy of the incident photon i s large enough then the 
in t e rac t ion products are capable of i n i t i a t i n g fu r ther in te rac t ions i n 
the absorbing material which propagate a cascade shower of pa r t i c l e s 
u n t i l the energy of the ind iv idua l constituents f a l l to a threshold 
value, whereupon m u l t i p l i c a t i o n ceases and the cascade decays (8)., 
For energies above 10 MeV pair production, i s the dominant gamma 
conversion process, producing an electron-posi t ron pa i r which rap id ly 
lose energy i n the converting material* This loss may be the r e su l t 
of e i the r Bremsstrahlung or i o n i z a t i o n . At high energies, i n dense matsri 
the loss i s predominantly by Bremsstrahlung because the i n t e r ac t i on cross 
2 
section i s proport ional to Z and increases l i nea r ly wi th energy, 
while the energy loss by ion iza t ion i s proport ional to Z and increases 
loga r i thmica l ly wi th energy (7)o The secondary photons w i l l i n t u r n , 
undergo mate r i a l i za t ion or Compton c o l l i s i o n , giving r i se to f u r t h e r 
e lectrons. These new electrons radiate more photons which again 
mater ia l ize in to electrons pairs or produce Compton c o l l i s i o n u n t i l 
eventually the energy of the electrons f a l l in to the energy range where 
rad ia t ion losses cannot compete with c o l l i s i o n losses and the t o t a l 
primary photon energy i s completely dissipated i n exc i t a t i on and 
ion i za t i on of atoms. The development, of the cascade shower i s d i f f i c u l t 
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to predict a n a l y t i c a l l y , although the process has been quan t i t a t ive ly 
described by mathematical models which depend on making several 
approximations ( 3 ) . Monte Carlo techniques} however, are .less 
complex, and have been used to simulate cascade shower structures 
(9,10,11) which are i n agreement wi th experimental data (12,13), 
The energy and t r a j e c t o r y of high energy photons are normally 
determined by studying the cascade shower development a f t e r conversion 
i n in t e rac t ing materialo An energy determination is made by making 
the detector sensi t ive to the number of electrons produced i n the 
cascade* Theoret ical and experimental studies have shown that the 
number of cascade electrons i s proport ional to the incident gamma 
energy (9,10,11)., Figure 7.1 shows the number of electrons as a 
func t ion of absorber depth (expressed i n rad ia t ion lengths) , 
calculated by the Monte Carlo simulation of Messel and Crawford (9) 
f o r e lectron and photon induced showers of 0*5, 1.0 and 10 GeV. Total 
absorption methods which are normally employed to be sensi t ive to 
the number of electrons take the form of e i the r stacked assemblies 
of detectors , interspaced wi th targets of heavy in te rac t ing ma te r i a l , 
or'homogeneous Cerenkov devices of dense material such as lead glass 
coupled to a photomul t ip l ier tube<> A l l these detectors are arranged 
i n such a way to give a signal which i s proport ional to the number 
of cascade p a r t i c l e s . 
The devices which take the form of al ternate layers of detector 
and t a rge t , sample the cascade development, to give information which 
represents the number of ion iz ing pa r t i c l e s at successive depths of 
targeto This information may be added e l ec t ron i ca l l y to give a signal 
which i s proport ional to the incident gamma energy e Figure 7<,2 shows 
the calculated t o t a l number of electrons expected from cascade showers 
of d i f f e r e n t energies by summing the electrons at 1 and 2 rad ia t ion 
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lengthr;intervals i n the long i tud ina l direct ion. . The t o t a l number of 
electrons has been derived from the Monte Carlo resul ts of Messel 
and Crawford (9) . These resul ts show that a l inea r response can be 
expected i f the ind iv idua l detecting elements are sensitive to a l l 
electrons at each stage i n the cascade development. Conventional 
high energy gamma detectors which are based on the above working 
pr inc ip les take the fo l lowing forms:-
(1) Lead - S c i n t i l l a t o r (14, 15, 16, 17, IS , 19) 
Figure 7.3a shows a t y p i c a l arrangement using an array of lead 
target interspaced wi th s c i n t i l l a t o r which i s coupled to a tapered 
l i g h t guide and photomult ipl ier tube. The l i g h t from each s c i n t i l l a t o r 
f i n g e r i s col lected and fed into the photomult ip l ier to produce a s ignal 
proport ional to the number of cascade electrons© 
(2) Lead - Lucite Cerenkov (14, 20) 
LeadrLucite Cerenkov detectors are normally of s imi la r construction 
to the l e a d - s c i n t i l l a t o r type as shown i n Figure 7 0 3a. They consist 
of lead plates interleaved wi th l u c i t e Cerenkov counters which are 
attached to a l uc i t e l i g h t guide and photomul t ip l ier -. tube. I n " th i s 
case, the cascade electrons produce Cerenkov l i g h t i n the l u c i t e , some 
of which i s t o t a l l y i n t e r n a l l y r e f l ec t ed and detected by the photomul t ip l i 
(3) Lead - Spark Chamber (21 , 22, 23, 24, 25, 26) ' 
Again, t h i s system comprises of a stacked assembly of target and 
detector as shown i n Figure 7„3b. With t h i s type of device the gamma 
energy i s measured by recording the number of sparks between each 
electrode gap. Ei ther photographic or e lec t ronic d i g i t i z a t i o n techniques 
using plurnbfiicon T . V . , capacitive read-out or magnetostrictive read-out 
may be used to count and locate the sparkso An advantage of t h i s device 
i s that locat ion of the sparks provides a means of determining the 
cascade shower ax i s , from which the incident gamma t r a j e c t o r y may be found 
lucite or Scintillator 
FIG. 7 3 a . A typical arrangement lead sheet 
for gamma detection using 
either scintillator o r l u a t e 
ead 
convener 
light guide 
spark chambzr 
lead sheet 
ead 
converter 
FIG.7-3b. A typical arrangement for gamma detection using spark chambers . 
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( 4 ) Lead Glass Cerenkov (27, 28, 29, 30) 
The other class of gamma detectors i s the homogenous Cerenkov 
device, which provides continuous sampling of the cascade shower by 
the use of a single element of high density glass (Pb F.,,). This 
detector i s usually made from a paral lelepiped block of lead glass 
and viewed at one end by a single photomul t ip l ie r 0 Individual blocks 
can be b u i l t up in to a matrix array to form a large area hodoscope which 
beside giving energy information can be used to give crude spa t ia l 
information (29, 30) . 
7o3 A Study of High Energy Gamma detection using the D.N.P-L. Accelerator. 
This section describes a series of experiments made on shower 
development i n a small lead plate f l a s h tube chamber i n the energy range 
0.5 to 4.0 GeV during exposure to the D.N.P.L. positron beam0 The high 
energy positrons were used to simulate photon induced cascade showers 
of the same energyo Experimental (20) and theore t ica l (9) studies 
have shown there to be only small d i f ferences between photon and electron 
induced showers, and i t i s on t h i s basis that the simulation i s j u s t i f i e d . : 
Figure 7.1.. i l l u s t r a t e s the small discrepency expected between photon and 
electron showers f o r the number of cascade electrons produced as a func t ion 
of absorber depth. 
The f l a sh tube chamber was constructed on the t o t a l absorption 
detecting p r inc ip l e described i n section 7„2. where the shower development 
i s sampled a f t e r f i x e d in terva ls of in te rac t ing target . The chamber was 
thus arranged, such that a series of f l a s h tubes, positioned i n l a t e r a l 
planes r e l a t i ve to the incident beam, were interspaced wi th in t e rac t ing 
lead ta rge t . The tubes were contained i n electrode modules and arranged 
such that the cascade could be sampled i n tvo orthogonal plane S o This 
provided two measures of the number of ion iz ing par t ic les at each successive 
target i n t e r v a l , and allowed the incident posi t ron t r a j ec to ry to be 
studied i n two dimensions. 
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The cascade shower data recorded from the device i n t h i s 
conf igura t ion was analysed to provide information concerning the 
detectors a b i l i t y to measure iboth the energy and t r a j e c t o r y of the 
incoming par t ic le . . The resolut ion of the device, with respect to 
energy and t r a j e c t o r y determination" has been measured as a func t ion 
of the incident energy with two d i f f e r e n t thicknesses of in t e rac t ing 
lead between detect ing planes. 
7.3ol E xperiLia nta 1 Arra nqerne nt 
The f l a s h tube chamber consisted of eight seperate electrode 
modules each containing two sets of eight l*6crn in t e rna l diameter 
tubes wi th d i g i t i z a t i o n probeSn A deta i led descr ipt ion of the electrode 
modules, f lash tubesj d i g i t i z a t i o n probes and high voltage pulsing 
electronics i s given i n section 6.2.2» Figure 6<>5 shows a photograph 
of the chamber, mounted i n i t s framework and complete wi th output 
cables leading to the GAMAC data acqu is i t ion system. The .'framework 
which held the electrode modules together was designed to provide a 
space before each module f o r accomodating up to 2 rad ia t ion lengths 
of lead ta rge t . In t h i s conf igurat ion the chamber had an overa l l 
depth of 63 cm, wi th 5.4 cm between each detecting plane, and a 
detecting area of 15.2 cm x 15.2 cm. 
Incident positrons were selected by a coincidence t r i gge r from 
three small beam d e f i n i n g s c i n t i l l a t o r s placed before the chamber. 
Figure 7..4 shows a schematic diagram of the s c i n t i l l a t i o n detectors 
wi th con t ro l l i ng logic (E.G.G. modular e lec t ronics) which generated 
a signal to t r i gge r the high voltage pulse and data control subroutine, 
i n the computer a f t e r a coincidence event. The l o g i c , besides producing 
t r i g g e r i n g s ignals , had several other important functions which are 
described below. 
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(1) Spurious showers r e su l t ing from background pa r t i c l e s were reduced 
by ensuring that events were only selected during the beam 
ext rac t ion t ime. For t h i s purpose the magnet ex t rac t ion pulse 
was used to t r i g g e r Gate 2 ('Figure 7„4) such that the coincidence 
AND was 'enabled' during the ex t rac t ion time (2ms) only. 
(2) Cascade showers r e su l t ing from m u l t i p a r t i c l e interact ions were 
prevented by select ing only one posi t ron i n each beam ex t rac t ion . 
This condit ion was achieved with Gate 1 which provided a 
coincidence Veto pulse f o r a durat ion greater than the beam s p i l l 
t ime , thus ensuring that only the f i r s t p a r t i c l e was recorded 
from each bunch of particleso 
(3) The event r e p e t i t i o n rate could be set to be any in tegra l 
number of accelerating cycles. That i s , a p a r t i c l e could be 
selected every 20, 40, 60 . . . ms, e tc . The rate was selected 
by Gate 3 which applied a ' s top ' pulse of length equivalent 
to a predetermined number of cycles. 
(4) The pulsing system was paralysed while the computer was 
processing data by applying a 'stop* pulse to Gate 2o This 
was generated from the CAMAC i n h i b i t pulse via an OR gate. 
The data from each cascade shower was thus stored, consecutively 
in to addressed CAMAC regis ters (Pattern u n i t s , type 16P007) i n eight 
16-bi t words. This data was then read, a f t e r each event, in to the 
memory core of a PDP 11 (l6K) computer u n t i l the core was f u l l , 
whereupon the system was paralysed, f o r a s u f f i c i e n t time to allow 
the data to be t ransfer red to magnetic disc f o r analysis . The comput 
program which control led the CAMAC and data acquis i t ion is described 
i n d e t a i l i n Appendix I I I . 
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7.3„2 Energy Measurements ' 
Gamma-ray cascade showers were simulated by monoenergetic (+1%) 
positrons i n the momentum range 0.5 to 4o0 GeV/c with loO and 2<>0 
rad ia t ion lengths of lead target interspaced between electrode modules. 
Target material was positioned before a l l but the f i r s t module, which 
was used to define the t r a j e c t o r y of the incident pa r t i c l e f o r spa t ia l 
analysis* Over 2500 showers were generated at each momentum to give 
enough s t a t i s t i c a l data f o r the character is t ics of the device to be 
measuredo "The shower data was processed and analysed using the 
DNPL 370/165 computer. 
Data from the f l a s h tube chamber has been analysed w i t h regard 
to the t o t a l number of f l a s h tube i g n i t i o n s as a func t ion of the incident 
posi t ron momentum. The t o t a l number of f l a sh tube ign i t ions i s 
representative of the t o t a l number of ion iz ing p a r t i c l e s , which has 
been shown to be proport ional to the incident pa r t i c l e energy (see 
section 7.2)0 This number does not , however, represent a d i r e c t 
measure of the energy, f o r i t w i l l vary from one device to another, 
according to the detectors geometry and s ize . As a consequence, i t 
i s necessary f o r a l l devices which work on the pr inc ip le of shower 
sampling, to be cal ibrated i n a beam of known energy. Figure 7,5 and 
7.6 show the frequency d i s t r i b u t i o n s fo r the number of f l a j h tubo 
i gn i t i ons at d i f f e r e n t momenta wi th 1.0 and 2.0 rad ia t ion lengths 
of lead t a rge t . These resul ts are seen to be symmetrically d i s t r i bu t ed 
about t h e i r maxima, except f o r the 4.0 GeV'/c resul ts (Figure 7.6) 
which were subject to a background, due to low energy beam contamination 
From the d i s t r i bu t i ons the c a l i b r a t i o n curve of the mean t o t a l number 
of tube ign i t i ons as a func t ion of incident positron momentum was 
determined, as i s shown i n Figure 7.7. The curves &how the device 
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to be sensit ive to momenton,although the response i s seen to depart 
from the l inear re la t ionship predicted by the theore t i ca l work 
described i n section 7.2o Data obtained with the 2.0 rad ia t ion 
lengths* of target give the best approximation to a l inear f u n c t i o n , 
but deviations from a s t ra igh t l ine are s t i l l seen to occur, p a r t i c u l a r l y 
at high momentum valueso Non- l inear i ty i n the 1.0 rad ia t ion length 
data i s more pronounced, the discrepancies being evident at even lower 
momentum values. The deviations from the straight l ine predicted by 
theory are a t t r i bu t ed to the cascade shower spreading fu r the r than 
the dimensions of the chamber and the f a i l u r e of the device to resulve 
i nd iv idua l electrons i n high density showers. Thus, greater deviations 
may be expected wi th increasing energy, where less than the predicted 
number of f l a sh tube i gn i t i ons w i l l occur, due to p a r t i c l e leakage 
and tube i n s e n s i t i v i t y . 
Longitudinal leakage i s evident from Figure 7<>8 where the mean 
number of tube i gn i t i ons i s p lo t ted f o r each module i n the X-plane. 
With only 1.0 r ad ia t ion length of lead between modules there i s a 
s i g n i f i c a n t number of f l a sh tube i g n i t i o n s i n the l as t module a f t e r a 
t o t a l of 7.0 rad ia t ion lengths at a l l momenta. Figure 7.9 shows the 
same data, but wi th the average numberof i gn i t i ons p lo t ted against 
thickness of target mater ia l expressed i n rad ia t ion lengths. These 
resul t s give good agreement between the 1.0 and 2.0 rad ia t ion length data, 
'/and • . q u a l i t a t i v e l y the funct ions describe the behaviour expected 
from theory f o r the number of electrons; a l inear r ise at the beginning, 
a f l a t maxima, and an exponential absorption t a i l o Again , the results 
show the loss due. to pa r t i c l e leakage i n the long i tud ina l d i r e c t i o n 
i s severe i n the case of the 1.0 rad ia t ion length data. Consequently, 
the momentum s e n s i t i v i t y curve obtained with 1.0 r ad ia t ion length of 
lead , shown i n Figure 7<>7 i s expected to have a much greater slope than 
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tha t measured, as a r e su l t of the very large losses- "esults corrected 
f o r t h i s loss are also p lo t t ed i n Figure 7-7,. where the t o t a l number 
of tube ign i t ions i s calculated by in tegra t ing the 2.0 rad ia t ion length 
curve over 14 rad ia t ion lengths. This new curve i s more l inear and i s i n 
bet ter agreement wi th the Monte Carlo resul ts shown i n Figure 7<>2, where 
the number of electrons increases approximately twofold by halving the 
target thickness.. 
Shower leakage i n the l a t e r a l d i r ec t i on also contributes to non-
l i n e a r i t i e s i n the s e n s i t i v i t y of the device. Figure 7.10 shows the 
e lec t ron p robab i l i t y p r o f i l e s p lo t ted f o r each module at 3.0 GeV i n 
the X-plane. These resul t s show that l a t e r a l leakage i s not so severe 
compared to long i tud ina l leakage at higher momenta;, although a 
.contribution i s evident* 
The ind iv idua l e lect ron s e n s i t i v i t y i s an important character is t ic 
wi th respect to l i n e a r i t y and energy reso lu t ion and i s p a r t l y responsible 
f o r the observed departures from theore t i ca l predic t ions . With large 
1.6cm in te rna l diameter tubes a poor e lect ron s e n s i t i v i t y must be 
expected, especial ly as the shower i s sampled i n p ro j ec t ion . A measure 
of t h i s s e n s i t i v i t y was obtained by comparing the Monte Carlo simulated 
resu l t s of Messel and Crawford (9) wi th the f l a sh tube resul ts at 0.5 
and 1.0 GeV/c, assuming an electron energy detect ion threshold of 
1.0 MeV. Figure 7„11 shows the resu l t s of t h i s comparison, the 
i nd iv idua l e lectron s e n s i t i v i t y being p lo t t ed as a func t ion of the 
mean t o t a l number-of electrons expected i n any f l a s h tuba detecting 
plane. The resul ts show an inverse co r re l a t ion between s e n s i t i v i t y 
and the t o t a l number of electrons produced. Consequently, a 
de te r io ra t ion of l i n e a r i t y , caused by i n s e n s i t i v i t y to ind iv idua l 
electrons i s to be expected when the energy increases and the number 
of electrons becomes large. The fo l l owing table gives the overa l l 
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s e n s i t i v i t y } measured by comparing the average t o t a l number of electrons 
i n the shower expected t heo re t i ca l l y ( 9 ) , with the average t o t a l 
number of observed f l a sh tube ign i t ions* 
GeV/c Radiation 
Lengths 
Number of 
electrons 
Number of 
F .To . Ign i t ions 
S e n s i t i v i t y 
0.5 1.0 16.7 9.7 58.1 
0.5 2.0 10.0 6.4 63.9 
1,0 1.0 31.4 13.4 42.8 
1.0" 2«0 20c 2 9.8 48.7 
Improvements to the e lect ron s e n s i t i v i t y may be made by decreasing 
the f l a s h tube diameter or increasing the distance between the lead 
ta rge t and detecting planes. The l a t t e r i s normally r e s t r i c t e d by 
l i m i t a t i o n s on the physical size of the chamber? and from th i s series 
of experiments the increase i n distance between ta rge t and detecting 
plane required to make a s i g n i f i c a n t difference i n the s e n s i t i v i t y 
i s shown to be large. Measurements on the numbers of tube ign i t ions 
as a func t ion of lead thickness f o r the 1.0 and 2.0 r ad ia t ion length 
data agree wel l (see Figure 7 . 9 ) , i nd ica t ing tha t spaces great ly 
i n excess of 5.4 cm (the distance between detecting planes) are 
required to give any substant ia l improvement. This i s also evident 
from Figure 7 . 1 1 , where the e lect ron s e n s i t i v i t y p lo t t ed against e lect ron 
number f o r both the 1.0 and 2.0 r ad ia t ion length data approximates to 
the same f u n c t i o n . Nevertheless, chambers constructed wi th smaller 
diameter tubes are expected to give an increased s e n s i t i v i t y , and the 
e f f e c t of increasing the target-detect ing plane distance by a r e l a t i v e l y 
small amount should give a measurable improvement. 
The energy resolut ion i s characterized by -the f u l l width of the 
frequency d i s t r i b u t i o n (Figures 7.5 and 7.6) at the ha l f maximum, 
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AE over E„ By t h i s d e f i n i t i o n and from theore t i ca l considerations} the 
reso lu t ion should improve as l / / I T , assuming the frequency d i s t r i bu t ions 
are of Poisson type and the number of cascade electrons increase 
l i n e a r l y with energy. Figure 7.12 shows the reso lu t ion of the f l a sh 
tube chamber p lo t ted against momentum f o r both the 1.0 and 2.0 rad ia t ion 
length data, g iving 36 and 41% (FWHM) respect ive ly , at 1.0 GeV/c The 
reso lu t ion i s seen to improve roughly as l /^lT, but deviates a t higher 
momenta when shower leakage and i n s e n s i t i v i t y to i nd iv idua l electrons 
becomes s i g n i f i c a n t . At low momenta the resolu t ion i s substantially, 
improved by using only 1.0 rad ia t ion length of t a rge t , but decreases 
crossing the 2.0 rad ia t ion length curve, due to excessive long i tud ina l 
leakage. 
Deter iora t ion i n reso lu t ion usually resul t s from two sources; 
s t a t i s t i c a l f luc tua t ions i n the shower development, and measuring errors 
caused by inherent properties of the detectors themselves. Large 
f l uc tua t i ons i n the numbers of detected electrons i n any plane can be 
expected because the mean t o t a l number of electrons at any target 
thickness (see Figure 7.1) i s small f o r incident energies of a few GeV. 
Improvements i n resolu t ion should be expected, t he re fo re , i f the shower 
i s sampled at more frequent in te rva l s by decreasing the thickness of 
ta rge t and increasing the number of detecting planes« In p rac t i ce , 
however, the amount of sampling i s usually r e s t r i c t e d by the overa l l 
size of the chamber, and a compromise must normally be made between 
reso lu t ion and the number of detecting planes. A de ta i led and qua l i t a t i ve 
study of the var ia t ions i n the reso lu t ion as a func t ion of the number of 
ta rget -detec t ing planes was not made during t h i s series of experiments 
and l i t t l e work has been reported by other authors (32).. Nevertheless, 
from the experimental resul t s shown i n Figure 7.12 the reso lu t ion i s 
seen to improve by about 20% by halving the target thickness from 2.0 
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to 1.0 rad ia t ion lengths. A mors thorough inves t iga t ion i s necessary 
i n t h i s respect* e i ther experimentally or by Monte Carlo s imulat ion, 
such that the detect ing geometry may be optimized. 
Detecting planes which do not always give a true measure of the 
number of cascade electrons also contribute to .a de te r io ra t ion i n 
reso lu t ion . This occurs wi th detectors l i k e f lash . tubes , which o f t e n 
measure less electrons than are ac tua l ly created s because they sample 
the cascade i n p ro jec t ion and have a l i m i t e d a b i l i t y to detect single 
electrons by v i r tue of t h e i r s ize. Thus, a measure i n one plane w i l l 
always be dependent on the spa t ia l s tructure of the shower which w i l l 
vary from one event to the next. This s i t u a t i o n w i l l be impro-ved by 
decreasing the tube radius , to help minimize the p r o b a b i l i t y of detecting 
more than one electron i n each tube, and by sampling the shower i n 
several d i f f e r e n t pro jec t ions . The l a t t e r method requires adjacent 
layers of f l a s h tubes placed a f t e r each t a rge t , which sample the shower 
i n d i f f e r e n t planes. This method gives a measure of the t o t a l number 
of electrons which i s less susceptabie to detecting f l u c t u a t i o n s . A 
measure of the increase i n reso lu t ion obtained by t h i s method can be 
seen i n Figure 7.12 where a t h i r d resolu t ion curve i s p lo t ted f o r data 
obtained wi th only one layer of f l a s h tubes a f t e r each t a rge t , instead 
of the two orthogonal layers , which i n comparison gives a much improved 
resolut ion curve., The gain i n reso lu t ion i s of the order of 30%. 
7.3.3, Spat ial Measurements 
The spa t ia l accuracy of a gamma-ray detector i s not an easy 
quanti ty to measure because i t w i l l depend as much on the method used to 
analyse the data i n determining a t r a j e c t o r y , as the properties of the 
detector i t s e l f » A gamma-ray t r a j e c t o r y i s normally determined by 
locat ing the axis of the cascade shower, which i s on average, symmetrical 
d i s t r i bu t ed around the o r i g i n a l d i r ec t i on of the i n i t i a t i n g p a r t i c l e . 
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The determination may be made by a v isual-es t imate , i n the case of a 
photographic recording (33, 3 4 ) , or by an ana ly t i ca l method using the 
shower coordinates. Visual methods have the disadvantage of being 
subject to errors of judgement and are not usually compatible with 
f a s t e lec t ronic experiments where large quant i t ies of data are co l lec ted . 
Ana ly t i ca l methods, however, are not always simple i f the best resolu t ion 
i s to be obtained, because the axis of any ind iv idua l shower i s not a 
we l l defined parameter i n terms of the coordinates of i t s cascade 
p a r t i c l e s , which vary s t a t i s t i c a l l y about a mean shape0 
I t i s the purpose of t h i s section to describe a method of shower 
axis loca t ion which optimizes the coordinate data from the f l a s h tube 
chamber, and to compare the resul t s wi th t r a j e c t o r i e s of incident positrons 
I f i t i s assumed that a shower spreads i s o t r o p i c a l l y about i t s 
core, then the axis may be determined by ca lcula t ing the 'centre of g rav i ty 
i n each detecting plane,, The centres may be found} very simply, by 
ca lcu la t ing the f o l l o w i n g expression f o r each detector module. 
N 
7 i 4 ^ i j I .X . 
where y^ i s the coordinate of the shower centre i n the i t h module 
x . . i s the coordinate of the j t h ign i t ed f l a sh tube i n the 
1 J i t h module 
n.. i s the t o t a l number of i gn i t ed tubes i n the i t h module 
l 
N i s the t o t a l number of tubes i n a moduleo 
In t h i s way, coordinate points may be found i n each plane along 
the length of the shower, which represent a series of a x i a l determinations. 
From these points a s t ra igh t l i n e may be f i t t e d to give the t r a j e c t o r y 
of the incident p a r t i c l e . 
This method i s not , however, e n t i r e l y sa t i s fac to ry because i t 
assumes that electrons are produced uniformly about the axis and does 
not take account of s t a t i s t i c a l var ia t ions which occur from one shower 
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to another. Electrons which are produced at large l a t e r a l and longi tud ina l 
distances are more susceptible to f luc tua t ions i n p o s i t i o n , thus more 
weight should be placed on information at the beginning and i n t e r i o r 
of the shower than at the edges and rear , where absorption and large 
angle mul t ip le scat ter ing has occurred. Consequently, i t i s advantageous 
to weight the data i n the l a t e r a l d i r e c t i o n , during the determination 
of the shower centres i n each plane, and i n the long i tud ina l d i r e c t i o n , 
when the ind iv idua l points are f i t t e d to a s t ra igh t l i n e . 
Weighting i n the l a t e r a l d i r e c t i o n was achieved by using a 
weighting func t ion of s imi la r form. to . the mean la te j ra l shower d i s t r i b u t i o n 
i n a given plane. The d i s t r i b u t i o n of shower p a r t i c l e s , observed i n 
p r o j e c t i o n , may be represented by a Gaussian func t ion (35) , from which 
a weighting f ac to r f o r each of the shower de f in ing tubes was obtained. 
The weighting func t ion i s described by the fo l lowing expressions 
- f t 2 . . 
W. . (y . . ) = e 1 J ( i i ) 
i j i j . 
• y . . - y . - x . t an 0 / • •. \ v, j. n o I V m ; where 0. . = — 1 7 AY^COS 6 
and W„ ( y „ ) i s the weighting f ac to r given to the j t h tube i n the i t h modul 
y. . i s the coordinate of the j t h tube i n the i t h module from a defined 
1 J axis 
y^ i s the distance of the shower axis apex from a defined - :. : : : v :i 
ax i s . 
Ay. i s a quanti ty representing the mean spread of the shower i n the 
module 
x^ i s the distance of the i t h module from a defined axis .'. " 
6 i s the angle between the shower axis and the x axis 
For pa r t i c l e s at normal incidence (8 = 0) equation ( i i i ) s i m p l i f i e s to 
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I n t h i s series of experiments equation ( i v ) was used because the beam 
was known to be normal to the chamber to w i t h i n + 2.4°o 
These parameters are given more c lea r ly i n Figure 7013 which shows 
a shower and i t s def in ing coordinateso Using the above method a f l a s h 
tube, d is tant from the shower ax i s , carr ies less weight than those 
close to the core. Thus, a e lectron which i s not associated wi th the 
main core of the shower i s weighted such that i t s con t r ibu t ion leads 
to a comparitively small error i n the determination of the shower 
centre. 
F i t t i n g t h i s data to a s t r a igh t l i n e , to give the a x i s , also 
requires weighting, because information obtained from the f i r s t detecting 
modules i s more r e l i ab l e than that from the l a s t modules, where the shower 
has undergone absorption and mutiple sca t te r ing . Figure 7.14 shows the 
development of a 0,5 GeV/c shower, c lea r ly i l l u s t r a t i n g the increasing 
spread of par t i c les i n the l a t e r a l d i r e c t i o n . -
For the purpose of weight ing, a f ac to r was determined f o r each 
module at d i f f e r e n t momenta, which was a measure of the information content 
i n each detecting plane. The weighting fac tors were made equal to l / o 
where o i s the standard devia t ion of the d i s t r i b u t i o n of f luc tua t ions 
of the calculated shower centres about the rea l centres i n each detecting 
plane. This, was found by measuring the frequency of d i f ferences between 
the calculated shower centre (using equation ( i ) ) and the rea l centre, 
f o r several thousand events at each energy. The rea l shower centres 
were found from the f i r s t detecting module which contained no lead, 
and was used to locate the t r a j e c t o r y of the incident p a r t i c l e . By t h i s 
method, the projected p a r t i c l e t r a j e c t o r y was assumed to represent the 
shower axis wi th the knowledge that the incident beam was p a r a l l e l to 
bet ter than + Oo4° (36). The values of the standard devia t ion , calculated 
by the above method, are given i n the fo l lowing tableso 
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One rad ia t ion lencith of lead taraet 
standard devia t ion ( cm) 
E(GeV) 2 3 
module 
4 5 6 7 8 
0.5 1.03 1.20 1.77 2.48 3.64 4.94 8.68 
1.0 1.03 1.09 1.29 1.63 2.01 3.01 5.04 
2.0 1.01 1.02 1.09 1.25 2.09 2.09 4.08 
3.0 1.05 1.13 1.10 1.13 1.62 1.62 3.13 
Two rad ia t ion length of lead target 
standard .deviation (cm) 
E(GeV) 2 
module 
3 .. 4 5 6 7 8 
0.5 1.11 1.26 1.35 1.59 2.11 2.22 2^63 
1.0 1.09 1.10 1.19 1.24 1.41 1.61 2; 14 
2.-0 1.23 1.27 1.32 1.29 1.39 1.42 1.63 
3.0 . 1.29 1.28 1.30 1.27 1.35 1.33 1.61 
The tables c l ea r ly show an increase i n spa t ia l f luc tua t ions at low 
energies and i n detecting planes fu r t he s t from the shower apex. These 
measurements provide the weighting f ac to r ( l / ° ) } used i n the least 
squares f i t «f the shower centres} and the value of Ay^ i n equation 
( i i i ) f o r weighting data i n the l a t e r a l direc. t ioo. The standard devia t ion 
could be used to represent Ay^ because i t i s an e f f e c t i v e measure of the 
la tei-al spread of the shower i n a plane. The j u s t i f i c a t i o n f o r doing 
t h i s can be seen from the example shown i n Figure 7.15 where the shower 
p r o f i l e s (normalized) are compared wi th t h e i r weighting funct ions} 
described by equation ( i i ) using the appropriate standard dev ia t ion . 
The Gaussian weighting functions are seen to be an acceptable approximation 
to the measured p r o f i l e s i n each plane. 
The shower axis was calculated by an i t e r i t i v e process using the 
described weighting func t ions . The ca lcu la t ion required the use of 
a computer which determined the axis by executing the fo l lowing procedure: 
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(1) An i n i t i a l estimate of the shower centres was obtained by 
calcula t ing the 'centre of g r a v i t y ' i n each module using 
equation ( i ) . 
(2) A s t ra igh t l i n e , representing the a x i s , was determined from 
the shower centres by a weighted least squares f i t using 
the weighting f ac to r l / a » 
(3) The f l a sh tube data i n each module was weighted l a t e r a l l y 
about the determined axis using equation ( i i ) » 
(4) A new 'centre of g r a v i t y ' was determined f o r each module 
. using the weighted data 0 
(5) A s t ra igh t l i n e , representing the a x i s , was determined from 
•the new centres by a weighted least squares f i t using the 
weighting f a c t o r l/a. , 
(6} Redetermination of the axis was continued, by weighting 
about the previous determined ax i s , u n t i l convergence was obtained. 
Convergence to a constant value was normally obtained a f t e r about f i v e 
i te ra t ionso 
A measure of the accuracy of axis loca t ion was made by comparing 
the calculated axis wi th the rea l ax i s . The real axis could be 
determined from the pos i t ion of the incident pa r t i c l e i n the f i r s t 
f l a s h tube module, wi th the knowledge tha t the beam was p a r a l l e l to 
bet ter than + 0.4° (measured wi th an array of high precis ion d r i f t 
chambers (36))„ Two parameters were measured from each event to 
determine the angular and spa t ia l reso lu t ion ; the angle of the shower 
axis r e l a t ive to- the X-plane, and the devia t ion of the pos i t ion of the 
calculated shower apex from the true apex which was located by f l a s h 
tubes i n the f i r s t module. Figure 7.16 defines the angle (8) and the 
apex deviat ion (A) measured f o r each event. 
The necessity f o r weighting the data i s i l l u s t r a t e d by f i gu re 7.17 
and 7.18 which show the frequency d i s t r i b u t i o n s f o r the apex deviat ion 
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(A) and the shower axis angle (9), p lo t ted using d i f f e r e n t numbers of 
detecting modules at 1.0 GeV/co A gain i n resolut ion i s obtained as 
the number of detecting modules i s increased to f o u r . Increasing 
the number s t i l l f u r t h e r provides no add i t iona l con t r ibu t ion to the 
spa t i a l or angular resolution. , i n f ac t the FWHM measurement indicates a 
deteriorat iono This may be expected because a large f l u c t u a t i o n i n 
the determined. . shower centre from the real centre, which frequent ly 
occurs i n the l as t few modules, w i l l cause a loss of precis ion i f a l l the 
centres are given equal weighto Moreover, i f several large fluctuations? 
occur, a severe discrepency from the true axis can be expected f o r an 
unweighted least squares f i t . 
Shower data was analysed using both the simple 'centre of g r a v i t y ' 
and the weighted-i terat ive method. Figures 7.19, 7.20, 7.21 and 7.22 
show the frequency d i s t r i b u t i o n s f o r the shower axis angle and the 
apex dev ia t ion , analysed from over 3000 events at each energy wi th 
1.0 and 2.0 rad ia t ion lengths of target between moduleso Each f igu re 
compares the resul ts calculated using the weighted i t e r a t i v e method 
w i t h the unweighted method of analysis . The resul ts from both methods 
give a resolut ion (angular and s p a t i a l ) , characterized by the width of 
the d i s t r i b u t i o n s , which improves wi th increasing energy and decreasing 
quant i ty of lead t a rge t . This may be expected because a greater number 
of detected shower pa r t i c l e s w i l l produce a 'centre of g r a v i t y 1 determination 
which i s less susceptible to s t a t i s t i c a l f luc tua t ions about a mean pos i t i on . 
In each case, a comparison of the two sets of d i s t r i b u t i o n s show that 
a substantial improvement i n resolu t ion may be gained by using the weighted 
i t e r a t i v e method of analysiso The fo l lowing table summarizes the 
r e so lu t ion , i n terms of the f u l l width measured at the half maximum (FWHiVl) 
f o r both the apex deviat ion and the shower axis angle. 
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FIG. 7-22. Frequency distribution for the shower axis deviation calculated by an 
unweighted and weighted iterative fit from 2 0 radiation length data. 
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Unweighted F i t W e i . j h t 9 d - i . t 2 r a t i v e F i t 
E(GeV) Apex devo FWHM(cm) 
Angle 
FWHM 
(deqrees ) 
Apex dev. 
FWHM(cm) 
Angle 
FWHM 
(dearees) 
2 r . 1. 
lead 
t a r g e t 
o f 
0 ,5 
1.0 
2*0 
3 .0 
3 .0 
3 .0 
3 .0 
3 .0 
12o0 
13.0 
10 ..0 
8.0 
1.0 
1.0 
1.0 
1.0 
1.0 
3 .0 
2 . 0 
2oO 
1 r . l . o f 0 i 5 3.-0 9 i 0 1.0 4*0. 
lead 1;0 3 ;0 8.0 l i b 2 .0 
t a r g e t 2 i 0 3,;0 7 i 0 l i O 2 .0 
3 0 0 3.0 8.0 1.0 2 .0 
From t h e t a b l e i t i s c l e a r t h a t the w e i g h t e d - i t e r a t i v e method has had 
a cons iderable e f f e c t } the FWHM r e s o l u t i o n i nc r ea s ing by a f a c t o r o f 
about 3 o r 4 i n each case. 
Al though the FWHM r e s o l u t i o n measurement p rov ides a rough means 
o f comparison, due t o the f o r m o f the d i s t r i b u t i o n s i n t h i s i n s t a n c e } 
the measurement i s not a very mean ingfu l q u a n t i t y . The w e i g h t a d - i t e r a t i v 
f i t d i s t r i b u t i o n s are non-Gaussian i n shape} and the FWHM measurement i s 
o f t e n o n l y one b i n - w i d t h wide . Decreasing the b i n w i d t h , f o r the apex 
d e v i a t i o n d i s t r i b u t i o n , to less than 1 cm was not j u s t i f i e d because the 
p o s i t i o n o f the i n c i d e n t p a r t i c l e cou ld on ly be determined t o + 0.8cm 
(+ a tube r ad ius )» 
A more i n f o r m a t i v e method of measuring the r e s o l v i n g c a p a b i l i t i e s 
o f the d e v i c e , e s p e c i a l l y when the d i s t r i b u t i o n s are non-Gaussian, i s 
t o c a l c u l a t e the p r o p o r t i o n o f events which have been determined t o 
w i t h i n a f i x e d e r r o r . The f o l l o w i n g t a b l e s shows the percentage o f 
r e s u l t s which l a y between + 0.5cm and + l«5cm f o r the apex d e v i a t i o n , 
and + l o 5 ° and + 2 . 5 ° f o r the shower a x i s angle us ing the unweighted 
and w e i g h t e d - i t e r a t i v e method. 
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% data l a y i n g between f i x e d e r r o r l i m i t s . 
Unweiahted f i t W e i a h t e d - I t e r a t i v e f i t 
Apex dev. Angle Apex dev. Angle 
' 'E(GeV) +0.5 
-cm • 
+1.5 
— cm 
±1 . . 5 C +2..5 0 +0.5 - cm +1.5 - cm ±U5° ±2 . 5 ° 
2 r . l . o f 
l ead 
0 ;5 26;5 64;2 20;. 5 35 ;1 44;4 73 ; 4 35."7 44 ; 1 
1.0 28.9 67o8 21.9 44 .0 49.8 77.6 31.6 55 .0 
t a r g e t 2 . 0 27.. 3 7 1 . 1 25 ,0 51.3 54 .2 78 .0 36 .8 62 .2 
3 «P 28.2 7.1-2 28.4 51,2 55,7 76,6 43 .0 63,6 
1 r . - l . o f 
lead 
0;5 33;9 71 ..5 20; 0 50; 9 58; 3 79;7 40; 1 54; 3 
1;0 30 ; 1 64 .4 24.3 63; 9 48 ;0 85.2 37 .7 69 ;4 
t a r g e t 2 ;0 34;9 78.4 37.5 73,3 63 ;6 84.5 49.9 8 2 . 1 
3 .0 32 .7 75 .1 35.6 70.0 61 .2 82.3 50.5 75.8 
A g a i n , these r e s u l t s show t h a t the w e i g h t e d - i t e r a t i v e f i t g ives 
cons iderable improvement; 70-90% more s p a t i a l data l i e s between +0.5cm 
and 30-80% more angular data l i e s between + 1 . 5 ° . The best r e s u l t s 
were ob ta ined a t 3 .0 GeV using 1.0 r a d i a t i o n l eng th o f l ead t a r g e t 
where 61,2- and 50.5% o f data l i e s between + 0.5cm and + 1 .5° r e s p e c t i v e l y 
Using the c r i t e r i o n t h a t the r e s o l u t i o n represents the w i d t h o f the 
d i s t r i b u t i o n containing76%of the d a t a , which i n the case o f a Gaussian 
d i s t r i b u t i o n d e f i n e s the FWHM, the r e s o l u t i o n o f the f l a s h tube chamber 
can be determined approx imate ly f r o m the t a b l e above. Th i s g ives a 
s p a t i a l r e s o l u t i o n between + 0 .5 and + 1.5cm, and an angular r e s o l u t i o n 
o f the o rder + 2.5°. . , us ing the w e i g h t e d - i t e r a t i v e r e s u l t s . I t should 
be n o t e d , however, t h a t the accuracy o f l o c a t i o n o f the i n c i d e n t p a r t i c l e 
(+0.8cm) l i e s -w i th in the s p a t i a l r e s o l u t i o n range , thus the percentage 
values g iven i n the above t a b l e should be l a r g e r t han those r ecorded . 
I t i s p o s s i b l e , t h e r e f o r e , t h a t the s p a t i a l r e s o l u t i o n i s b e t t e r than 
+ 0.8cm, t h a t i s + a tube r a d i u s . 
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7•4 Comparison w i t h o the r methods 
The s p a t i a l and angular r e s o l u t i o n o f the p r o t o t y p e - f l a s h tubs 
chamber compares f a v o u r a b l y w i t h conven t iona l gamma ray d e t e c t i n g 
techniques descr ibed i n s e c t i o n 7 . 2 . I n t h e . v i s u a l c lass o f d e t e c t o r s , 
which normal ly c o n s i s t o f . spark chambers in te r spaced w i t h lead t a r g e t , 
the energy r e s o l u t i o n compares very w e l l indeed , i n f a c t , i n the 0-3GeV 
range the f l a s h tube r e s u l t s are s u p e r i o r t o those ob ta ined w i t h the 
best spark chamber devices o f the c u r r e n t - l i m i t e d t y p e D I n F igure 
7.23 the r e s o l u t i o n i s p l o t t e d as a f u n c t i o n o f energy f o r d i f f e r e n t 
spark chamber dev i ce s , g i v i n g a comparison between t h i s work and the 
-work of" Bauer" (26") ~ancl _ Agrinier ' ( '21), "us ing - meta l spark chambers, 
and A l l k o f e r (25) us ing glass c u r r e n t - l i m i t e d spark chambers. A l s o , 
an o v e r a l l comparison between the d i f f e r e n t types o f gamma d e t e c t i n g 
devices i s made i n F igure 7 . 2 4 , where the r e s o l u t i o n range o f each 
type i s p l o t t e d as f u n c t i o n o f energy. From t h i s diagram the f l a s h 
tube energy r e s o l u t i o n i s seen to l i e between the h ighes t r e s o l v i n g 
spark chamber devices and the poorest r e s o l v i n g s c i n t i l l a t i o n / 
Cerenkov sandwich dev i ce s . 
A more v a l i d comparison can be made i f d e t e c t o r s of a d i f f e r e n t 
type are compared i n the same a c c e l e r a t o r beam to prevent d i sc repenc ies 
a r i s i n g f r o m beam con tamina t ion . F igure 7.25 shows the f l a s h tube 
r e s o l u t i o n measurements compared to r e s u l t s ob ta ined w i t h a t o t a l 
a b s o r p t i o n lead glass Cerenkov device i n the DNPL e + a c c e l e r a t o r beam 
( 3 7 ) . These r e su i t s . show the Cerenkov d e t e c t o r t o be o n l y m a r g i n a l l y 
b e t t e r than the f l a s h tube chamber, a t energies i n the range 1-2 GeV 
This i s s u r p r i s i n g , cons ide r ing o the r r epor t ed r e s o l u t i o n measurements 
made w i t h Cerenkov devices which g ive much h igher values (see F igu re 
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7 . 2 4 ) o An e x p l a n a t i o n may be t h a t the beam p u r i t y i s less than the 
quoted design f i g u r e of + 1% which i s almost imposs ib le t o measure 
e x p e r i m e n t a l l y . A l t e r n a t i v e l y , the low value may be caused by an 
i n h e r e n t f e a t u r e o f the d e t e c t i n g system which gives an i n f e r i o r 
r e s o l v i n g power compared to o ther Gerenkov d e v i c e s , but neve r the l e s s , 
t h i s r e s u l t does throw some doubt on the quoted r e s o l u t i o n o f the 
beam energy. 
A comparison o f the s p a t i a l and angular r e s o l u t i o n of the f l a s h 
tube chamber w i t h o ther devices i s made d i f f i c u l t by the lack o f r e p o r t e d 
work by o t h e r au tho r s . Except f o r the very s o p h i s i t i c a t e d and expensive 
cross s c i n t i l l a t i o n sandwich d e t e c t o r s , which some c l a i m t o have a 
s p a t i a l accuracy of + 0.2cm ( 2 8 ) , spark chambers are the on ly o the r 
type of device which have been used to g ive accurate s p a t i a l in fo rmat io r . c 
Bauer (26) has s t ud i ed the accuracy by which the sho'wer a x i s may be 
measured f r o m metal spark chamber data us ing e l e c t r o n s a t 4.6GeV. 
Th i s s tudy has shown t h a t the angle may be determined t o an accuracy 
of about + 0 . 7 ° by a v i s u a l and a n a l y t i c a l method. I f the f l a s h tube 
angular r e s o l u t i o n i s taken as + 2 ° (FWHM) then the spark chamber r e s u l t s 
o f Bauer are on ly a f a c t o r o f about t h ree b e t t e r . 
7 . 5 . Conc lus ion 
The r e s u l t s presented i n t h i s chapter have demonstrated the f e a s i b i l i t y 
o f us ing f l a s h tubes as a h igh energy gamma ray detectoi-o Experiments 
w i t h the p o s i t r o n beam a t DNPL have v e r i f i e d the use fu lness o f the device 
under a c c e l e r a t o r c o n d i t i o n s and have shown i t s c a p a b i l i t y as a h i g h 
energy photon d e t e c t o r having both s p a t i a l and energy r e s o l u t i o n comparable 
w i t h conven t iona l d e t e c t i n g techniques and a t a f r a c t i o n of t h e i r cos t 
(see s e c t i o n 4 . 3 ) . I n p a r t i c u l a r , the measurements have shown t h a t 
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f l a s h tubes may f a c i l i t a t e a l a rge area d e t e c t i n g d e v i c e , capable o f 
p r o v i d i n g d i g i t i z e d energy and t r a j e c t o r y i n f o r m a t i o n w i t h s i m p l i c i t y 
and. r e l i a b i l i t y , f o r the d e t e c t i o n of n e u t r a l p a r t i c l e s which decay . 
i n t o photonso 
The r e s u l t s ob ta ined i n t h i s se r i e s o f experiments have shown the 
r e s o l u t i o n of the device t o be comparable ? and i n some cases s u p e r i o r 
t o , spark chamber d e v i c e s , which i s encouraging , as the f l a s h tube 
d e t e c t o r was a f i r s t a t tempt o f very simple c o n s t r u c t i o n and used 
la rge diameter f l a s h tubeso An improved d e s i g n , which should have an 
energy and s p a t i a l r e s o l u t i o n i n excess of spark chamber d e v i c e s , has 
been designee! and' "constructed on the basis o f the i n f o r m a t i o n gained 
f r o m the p ro to type d e t e c t o r 0 Th i s device i s cons t ruc ted f rom smal ler 
diameter tubes and. i s expected t o operate a t r e p e t i t i o n . r a t e s of the 
o rde r o f 1 KHz. The s u c c e s s f u l o p e r a t i o n o f the device a t very h i g h . 
r e p e t i t i o n r a t e s would i l l u s t r a t e the p o t e n t i a l and c o m p a t i b i l i t y 
o f the f l a s h tube chamber f o r use w i t h o ther f a s t data a c q u i s i t i o n 
d e t e c t i n g systems. 
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C H _A_P T E _R_ E I G H T 
THE DESIGN AND CONSTRUCTION OF A FAST, HIGH 
RESOLUI'jON FLASH TUBE CHAMBER FOR FUTURE 
EXPERIMENTS WITH GAMMA RADIATION 
8 .1 I n t r q d y g t i q n 
As a r e s u l t o f the experiments descr ibed i n chapters 6 and 7 , 
seve ra l improvements t o the o r i g i n a l f l a s h tube chamber becama 
apparent . Th i s chapter descr ibes the des ign o f a hew chamber, a t 
present under c o n s t r u c t i o n , which i nco rpo ra t e s these improvements, 
and i s capable o f o p e r a t i n g a t r e p e t i t i o n r a t e s o f about lKHz„ The 
device i s expected t o loca te and measure the energy of i n c i d e n t 
photons w i t h a g r e a t e r p r e c i s i o n than was poss ib le w i t h the pro to type 
chamber. Fur the rmore , the d e t e c t o r has been designed w i t h the 
requirements of a nuclear physics experiment i n mind , and cons i s t s 
o f a s i n g l 9 i n t e g r a l u n i t c o n t a i n i n g a f a s t h igh vo l t age p u l s i n g 
system and data a c q u i s i t i o n l o g i c f o r an o n - l i n e computer l i n k . . 
A f l a s h tube chamber capabls o f r eco rd ing shower data a t r a t e s 
of lKHz r e q u i r e s severa l d e s i g n f e a t u r e s d i f f e r e n t f r o m the pro to type 
d e v i c e . The f l a s h t u b e s , h igh vo l t age p u l s i n g system and data 
a c q u i s i t i o n had to be redesigned i n t h i s r e spec t . I n a d d i t i o n , 
expe r imen ta l r e s u l t s obta ined w i t h the p ro to type chamber have shown 
t h a t energy r e s o l u t i o n and l i n e a r i t y o f response i s dependent on 
severa l geome t r i ca l p r o p e r t i e s such as the diameter of the f l a s h t u b e s , 
the th i ckness o f lead t a r g e t between d e t e c t i n g planes and- the o v e r a l l 
l a t e r a l and l o n g i t u d i n a l s i z e . Thus , on the bas is of these r e s u l t s , 
the new chamber i s be ing cons t ruc t ed w i t h seve ra l s t r u c t u r a l improvements. 
These improvements are l i s t e d below. 
( l ) The d e t e c t i n g e f f i c i e n c y i s increased by using t h i n n e r 
w a l l e d g lass t u b e , and the i n d i v i d u a l e l e c t r o n s e n s i t i v i t y 
and s p a t i a l accuracy i s improved by decreas ing the diameter 
o f the t ube . 
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(2.) The number of d e t e c t i n g modules i s increased such t h a t the 
th i ckness of t a r g e t between planes can be reduced w i t h o u t 
excessive l o n g i t u d i n a l leakage. I n t h i s way, the shower 
can be sampled a t a g rea te r number o f t a r g e t i n t e r v a l s . 
(3 ) The w i d t h and breadth o f the chamber i s increased to 
minimize l a t e r a l shower leakage 0 
8 . 2 . Ma cha n i ca1 C o n s t r u c t i o n 
The f l a s h tube chamber was designed as a modular system , and i n 
many respects i s s i m i l a r to the p ro to type dev ice . Twelve modular 
elements c o n t a i n i n g planes of f l a s h tube de tec to r s are mounted i n s ide 
an e l e c t r i c a l l y sh ie lded enclosure toge ther w i t h data a c q u i s i t i o n 
e l e c t r o n i c s and a h i g h vo l t age p u l s i n g system. 
Each module con ta ins two sets of 32 f l a s h tubes p o s i t i o n e d i n 
o r thogona l X-Y planes e i t h e r side o f a c e n t r a l H.T . e l e c t r o d e . The 
tubes and d i g i t i z a t i o n probes are contained i n machined aluminium 
b locks which a lso a c t as spacers f o r the o u t e r e a r t h e l e c t r o d e s . 
I n order t o maximize the d e t e c t i n g e f f i c i e n c y , the h o l e s , i n which the . 
tubes f i t were machined as c l o s e l y toge ther as p o s s i b l e . Holes of 0»91cm 
diamciter were machined C.04cm a p a r t , t o g ive an o v e r a l l d e t e c t i n g area 
o f 30 .4 x 30 .4 cm2. F igure 8 .1 shows a photograph of f o u r modular 
assemblies complete w i t h data a c q u i s i t i o n c i r c u i t s and ou tpu t leads . 
The chamber f i t s toge ther i n a s t e e l framework such t h a t a space 
i s p rov ided before each module f o r accommodating up to th ree r a d i a t i o n 
l eng ths o f lead t a r g e t . I n t h i s geometry there i s a d i s tance o f 3;,75cm 
between each d e t e c t i n g plane g i v i n g an o v e r a l l chamber depth o f 45.0cm. 
The framework was designed t o support the chamber w i t h the machined 
b locks as i t s base and both sets of tubes p o s i t i o n e d a t 45° t o the 
Fig 8-1 four f lash tube modular assembl ies 
complete with data acquisition logic 
circuitry 
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h o r i z o n t a l . Th i s ensures t h a t the f l a s h tube end windows are always 
h e l d i n contac t w i t h the d i g i t i z a t i o n probes by t h e i r own weight. . 
The framework a l so provides a means o f e l e c t r i c a l l y s h i e l d i n g the 
clevice w i t h aluminium sheet , which i s f i x e d to the frame as a number 
o f detachable panels . S h i e l d i n g i s necessary because o f the severe 
h igh f requency noise generated by the p u l s i n g system. F igure 8^2 shows 
a photograph o f . the chamber mounted i n i t s framework w i t h some o f the 
aluminium side panels removed. 
8.3 Flash Tubes 
F lash tubes were se lec ted which had c h a r a c t e r i s t i c s s u i t a b l e f o r 
o p e r a t i o n a t r e p e t i t i o n r a t e s of about lKHz. Tubes made f rom Jena 
soda glass and f i l l e d w i t h a gas mix tu re of Ne(70)-He(30) -i- 2% Cti^ 
a t 2.3 atmospheres pressure were chosen f o r t h i s purpose. These tubes 
have a recovery t ime o f less than 0.6ms and a s e n s i t i v e t ime of l o 4 y s 
(see s e c t i o n 5 . 3 . 2 ) . The glass envelope wns manufactured ( l ) f rom 
Jena 16B glass w i t h an i n t e r n a l diameter o f 0.82 cm and a w a l l t h i ckness 
o f 0.03cm. A t h i n w a l l t h i ckness was se l ec ted to minimize the amount 
o f 'dead ' space i n the chamber, y e t s t rong enough not t o be f r a g i l e . 
With the tubes mounted i n the chamber the d e t e c t i n g e f f i c i e n c y ( d e t e c t i n g 
a r e a / t o t a l a rea) i s 86%„ The diameter of the tubes was chosen as a 
compromise between cost and d e t e c t i n g s e n s i t i v i t y . . The s e n s i t i v i t y 
cou ld be increased f u r t h e r , by us ing even smal le r diameter t ubes , but. 
t h i s , i n t u r n , increases the s ize and complex i ty of the d e v i c e . Using 
0 .82 cm d iame te r , the chamber con ta ins 768 t u b e s , each one being 
coupled to a dcita a c q u i s i t i o n memory c i r c u i t . 
8.4 The High Voltage Pu ls ing System 
Most f o r m s . o f e l e c t r i c a l l y pulsed chambers use the p r i n c i p l e o f 
d i s c h a r g i n g a c a p a c i t o r across a r e s i s t o r to g ive a h igh vo l tage pulse 
Fig 8-2 the flash lube chamber 
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w i t h an e x p o n e n t i a l decay* I n the case o f f l a s h t u b e s , spark gaps 
are normal ly used as a means o f s w i t c h i n g the h igh v o l t a g e . A i r 
spark gaps o f the type used w i t h the p ro to type chamber (see s e c t i o n 
6 . 2 o 2 ) , a l though capable o f s w i t c h i n g la rge cu r r an t s and v o l t a g e s , 
have a l i m i t e d l i f e between adjus tments and are unable to operate 
a t f r e q u e n c i e s more than about 100 Hz. Pressur ized n i t r o g e n spark 
gaps are capable o f h igher r e p e t i t i o n r a t e s , but have the disadvantage 
of r e q u i r i n g a p ressur ized gas system, and they too need p e r i o d i c 
ad jus tmen t . C l a s s i c a l valve t h y r a t r o n s may also be used, but these 
have the disadvantage o f long delays t imes and r e q u i r e large amounts 
o f power f o r e f f i c i e n t t r i g g e r i n g . 
These problems were overcome w i t h a p u l s i n g system designed 
around a new type of hydrogen t h y f a t r o n made f r o m a ceramic m a t e r i a l 
and of c o a x i a l c o n s t r u c t i o n ( 2 ) 0 The hydrogen t h y r a t r o n , type CX. 1157 
i s manufactured by E n g l i s h E l e c t r i c L t d and i s capable o f s w i t c h i n g 
h i g h vo l t ages (20 KV) and c u r r e n t s (lOOOA) a t f r equenc i e s up t o about 
lKHz. F igu re 8 o 3 „ shows the c i r c u i t diagram o f t h e system., The c i r c u i t 
i s made up o f three seperate a m p l i f i c a t i o n s tages , us ing a ceramic 
hydrogen t h y r a t r o n , a xenon t h y r a t r o n and a t r a n s i s t o r work ing i n 
avalanche mode. 
The ceramic hydrogen t h y r a t r o n i s o f a c o a x i a l t e t r o d e s t r u c t u r e 
g i v i n g an i n h e r e n t l y low induc tance . The f i r s t g r i d has a p o s i t i v e 
c h a r a c t e r i s t i c w i t h respect t o the cathode and the second g r i d a., 
negat ive c h a r a c t e r i s t i c w i t h respec t t o the f i r s t g r i d . To o b t a i n maximum 
s w i t c h i n g spaed w i t h low power, the f i r s t g r i d i s biased p o s i t i v e w i t h 
r espec t t o the cathode such t h a t i t conducts about 60mA and main ta ins 
i o n i z a t i o n between i t s e l f and the cathode. The second g r i d when pulsed 
p o s i t i v e l y , performs a g a t i n g action on the plasma between the f i r s t g r i d 
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and the cathode, producing a very r a p i d s w i t c h i n g a c t i o n t o the anode. 
I n t h i s mode the t h y r a t r o n i s capable o f s w i t c h i n g 20KV w i t h a r i s e 
t ime o f less than 15ns i n t o smal l c a p a c i t i v e and i n d u c t i v e loads . 
A smal l Xenon t h y r a t r o n ( M u l l a r d type 2021 W) i s used f o r 
a m p l i f i c a t i o n and as a b u f f e r between the hydrogen t h y r a t i o n and the 
t r a n s i s t o r i n p u t stage.. Fast s w i t c h i n g i s achieved by connect ing 
the g r i d s t oge the r and b i a s i n g them p o s i t i v e a t +5vo I n t h i s way a 
500v ou tpu t pulse w i t h a 10ns r i s e t ime i s produced. The output pulse 
i s i n v e r t e d , us ing a M u l l a r d Ferroxcube (type FX 2239) pulse t r ans fo rmer 
w i t h a t u r n s r a t i o n . o f 1:2, be fore being f e d t o the second g r i d o f 
the hydrogen t h y r a t r o n . The xenon t h y r a t r o n a lso ac t s as a b u f f e r 
s t age , by p r even t i ng l a rge pulses r e t u r n i n g f rom the hydrogen t h y r a t r o n 
g r i d and d e s t r o y i n g the i n p u t t r a n s i s t o r , , 
The i n p u t stage was designed t o provide f a s t t r i g g e r i n g f r o m a NIM 
type pulse o f 700mV ampl i tude . The NIM p u l s e , a f t e r i n v e r s i o n w i t h a pu is 
t r a n s f o r m e r , i s used to d r i v e a s i n g l e t r a n s i s t o r ( type MPS 6530) working 
i n avalanche mode. High vo l t age s i l i c o n t r a n s i s t o r s of t h i s type are able 
to -operate s i m i l a r l y t o t h y r a t r o n s , the t r a n s i s t o r j u n c t i o n avalanching 
a f t e r t r i g g e r i n g and conduct ing l a rge cu r ren t s f o r a sho r t t i m e . The r i s e 
t ime o f the avalanche breakdown c u r r e n t can be s h o r t , and i n t h i s c i r c u i t • 
the t r a n s i s t o r swi tches lOOv i n about 2nso A g a i n , t h i s pulse i s i n v e r t e d 
a f t e r decoupl ing w i t h a Ferroxcube pulse t r a n s f o r m e r before being f e d 
t o the g r i d o f the xenon t h y r a t r o n . . 
The c i r c u i t - a s a who le , i s capable o f s w i t c h i n g up to 20KV i n t o 
chambers o f a t l e a s t 1C,000 pf w i t h a r i s e time of 40ns and t o t a l de lay 
o f 47ns. The f l a s h tube- chamber has a t o t a l capac i ty of about 2500 pf 
and r e q u i r e s the d i scha rg ing o f s i x 3000 p f c a p a c i t o r s to give a pulse 
of ampl i tude equal t o 94% of t h e supply v o l t a g e . The p u l s i n g system 
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can be seen i n F igure 8<,2 i n a screened enclosure above the chamber. 
8„5 Data A c q u i s i t i o n 
The s i ze o f the new f l a s h tube chamber r e q u i r e d the c o n s t r u c t i o n 
of a data a c q u i s i t i o n system which would prov ide a temporary memory 
s tore f o r f l a s h tube i n f o r m a t i o n before being read by a computer. The 
la rge number of f l a s h tubes conta ined i n t h i s device made the use of 
G'AMAC storage r e g i s t e r s ( p a t t e r n u n i t s ) w i t h connec t ing cables p h y s i c a l l y 
i m p r a c t i c a l . . I n s t e a d , a TTL memory l o g i c system was designed which l i n k e d 
w i t h CAMAC i n p u t r e g i s t e r s to p rov ide a means o f t e m p o r a r i l y s t o r i n g 
addressed data before being processed by an o n - l i n e computer. 
D i g i t i z e d ou tpu t i n f o r m a t i o n i s ob ta ined f r o m each f l a s h tube w i t h 
a smal l probe placed i n con tac t w i t h the g lass tube-end window. The 
probes are h e l d i n a c e n t r a l p o s i t i o n by perspex formers glued i n t o the 
machined holes suppor t ing the f l a s h tubes . The dimensions of the HT 
e l ec t rode and probes r e l a t i v e to the face o f the machined aluminium 
b lock were chosen to g ive ou tpu t pulses of magnitude g rea te r than the 
memory l o g i c i n p u t t h r e s h o l d o f 3v . A d i g i t i z a t i o n pulse w i t h an 
ampl i tude o f about 8v and decay time of l p s i s used to d r i v e TTL l o g i c 
w i t h d = 1.5cm, x = 0.6cm ( d e f i n e d i n F igu re 6 .4a ) and a peak a p p l i e d 
f i e l d of 12KV/ crn. Ampli tude f l u c t u a t i o n s amount t o about + 20%, 
which i s acceptable w i t h a TTL t h r e s h o l d o f 3v . 
The f l a s h tube d i g i t i z a t i o n pulse i s used to change and set a vo l tage 
l e v e l r ep resen t ing a l o g i c a l ' l 1 t o a l o g i c a l ' 0 ' , us ing TTL i n t e g r a t e d 
c i r c u i t s . F igure 8.4 shows the l o g i c c i r c u i t ased to s tore i n f o r m a t i o n 
f r o m one f l a s h t ube . A.c ross -coupled NAND gate prov ides a ' l a t c h i n g ' 
a c t i o n when the i n p u t i s changed from-a l o g i c a l ' 0 ' t o a l o g i c a l ' 1 ' l e v e l . . 
Thus, a negat ive i n p u t pulse f r o m a f l a s h tube causes the o u t p u t , normal ly 
5v 
5-6 K 
(6 output fnput from 
flash tube 
1K 
(6 reset out 
5v +5v 
•{p reset in 
1K 
Fig. 8-4. The memory logic for one flash tube detector 
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set t o a l o g i c a l ' 1 ' t o i n v e r t , where i t remains u n t i l the cross-coupled 
NAND gate rece ives a rese t pu l s e . The r e s e t i s ob ta ined by a NAND 
b u f f e r g a t e , (see F igure 8 .4 ) d r i v e n by a CAMAC ou tpu t u n i t t o p rov ide 
a l o g i c a l ' 1 ' l e v e l a t the l a t c h r e se t input . . Th i s pulse i s i n v e r t e d 
by another NAND gate t o g ive an ou tpu t pulse f o r reset t ing o the r c i r c u i t s * 
The c i r c u i t s are mounted on p r i n t e d c i r c u i t boards , each one 
c o n t a i n i n g two sextuple s e t - r e s e t l a t ches ( type 74118) and one d u a l 
4 - i n p u t p o s i t i v e NAND b u f f e r ( type 7 4 4 0 ) , . t o g ive 72 12~b i t storage 
r e g i s t e r s . F igure 8.5 shows the c i r c u i t diagram of each 1 2 - b i t r e g i s t e r 
board w i t h numbered p i n connec t ions . The c i r c u i t boards are he ld i n 
32-way edge connectors f i x e d to the sides o f the chamber as shown i n 
F igure 8 . 1 . The l o g i c c i r c u i t r y r e q u i r e s a t o t a l c u r r e n t o f about lOamps 
when a l l 768 l a t ches are i n the l o g i c a l ' 0 ' s t a t e . 
The ou tpu t of each c ross -coupled NAND gate i s r e l ayed i n p a r a l l e l 
t o th ree 2 5 6 - b i t i n p u t CAMAC r e g i s t e r s ( type EC 221) by means o f s i x 
132-way EMIHU3 cab les . Thus, a f t e r an even t , the data can be processed 
i n the PDP 11 computer a f t e r being read s e r i a l l y f r o m each o f the GAMAC 
r e g i s t e r s . A f t e r a l l the addressed r e g i s t e r s have been read the memory 
l o g i c may be r e s e t by means o f a CAMAC ou tpu t l e v e l u n i t ( type EC 3 1 6 ) , 
which i n i t i a t e s the NAND b u f f e r gates connected t o each memory " l a t c h ' 
r e s e t . 
8.6 Conclus ion 
The f l a r - h tube chamber descr ibed i n t h i s chapter i s proposed f c r 
t e s t i n g i n a s e r i e s o f exper iments , s i m i l a r t o those descr ibed i n 
Chapter 6 and 7 , u s ing the DNPL e + beam. The device w i l l be l i n k e d 
on l i n e , t o an IBM 370/ l65 computer v i a a smal l l6K PDP 11 computer, 
programmed t o t r a n s m i t b locks o f data c o n t i n u o u s l y a t h igh r e p e t i t i o n 
r a t e s . By t h i s method the chamber w i l l be able t o operate a t r e p e t i t i o n 
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r a t e s up to lKHz. Some experiments, which could be c a r r i e d out w i t h 
t h i s de t ec to r are desc r ibed i n chapter 9 » 
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C H A P T E R N I N E 
FUTURE WORK WITH GAMMA RAY DETECTORS 
9 . 1 I n t r o d u c t i o n 
The con ten t o f t h i s chapter i s in tended t o g ive a b r i e f summary 
o f exper imenta l work envisaged f o r f l a s h tube gamma chambers i n the 
near f u t u r e « Several experiments and ideas r e l e v a n t t o gamma d e t e c t i o n 
are discussed toge the r w i t h some o f the problems which may be encountered 
The chapter i s d i v i d e d i n t o two s e c t i o n s : proposed experiments u s ing the 
new f l a s h tube chamber descr ibed i n the previous chap t e r , and o t h e r work 
which may he lp to improve the d e t e c t i n g p r o p e r t i e s of f l a s h tube gamma 
chambers. 
9 . 2 . Experi .mental.work us ing the f l a s h tube chamber 
Resul t s ob ta ined f rom the f i r s t s e r i e s of experiments us ing the 
p r o t o t y p e chamber have s t i m u l a t e d i n t e r e s t i n a f u r t h e r i n v e s t i g a t i o n 
us ing a l a r g e r chamber i n the DNPL e + a c c e l e r a t o r beanw Experiments 
proposed f o r t h i s device are in tended t o f u l f i l l two main o b j e c t i v e s -
F i r s t , t o v e r i f y t h a t the device w i l l operate a t r e p e t i t i o n r a t e s 
compat ib le w i t h the requirements o f most p a r t i c l e physics exper iments . 
Second, t o determine how a c c u r a t e l y a gamma ray may be l oca t ed and i t s 
energy measured. I n a d d i t i o n t o t h i s , a d e t a i l e d s tudy o f shower 
d e t e c t i o n us ing d i f f e r e n t chamber geometries i s p o s s i b l e . Such a s tudy 
should g ive i n f o r m a t i o n necessary f o r the o p t i m i z a t i o n o f the chamber 
geometry and methods by which the r e s o l u t i o n may be improved. 
9 . 2 . 1 High R e p e t i t i o n Rates 
The f l a s h tube chamber W3s designed f o r o p e r a t i o n up to about 
lKHzo T e s t i n g the device a t these f r equenc i e s i n the DNPL e + beam i s 
n o t , however, so r e a d i l y accomplished. Two problems are e v i d e n t ; 
producing p a r t i c l e s i n the f requency range bO - 1000Hz f rom an 
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a c c e l e r a t o r whose c y c l i n g t ime i s 50 Hz,and hand l ing l a rge q u a n t i t i e s 
o f data a t h igh r e p e t i t i o n r a t e s w i t h an o n - l i n e computero 
I n order t o ensure t h a t the f l a s h tubes w i l l operate s a t i s f a c t o r i l y 
w i t h o u t r e i g n i t i o n i t i s necessary t o operate the device i n a beam o f 
p a r t i c l e s a t a known r e p e t i t i o n r a t e (see s e c t i o n 6 . 2 . l ) . The DNPL 
a c c e l e r a t o r produces a beam s p i l l o f about 2ms d u r a t i o n every 20ms. 
Thus, under normal o p e r a t i o n p a r t i c l e s may be e x t r a c t e d e i t h e r f r o m 
consecutive s p i l l s , g i v i n g a maximum f requency o f 50 Hz, o r w i t h i n one 
beam s p i l l , g i v i n g a minimum frequency o f about 500 Hz. This does not 
g ive a s a t i s f a c t o r y range o f f r equenc ie s i n which to work , the range 
50-500 Hz being unob ta inab le . 
The problem may be overcome by us ing both the ' p a r a s i t i c ' and 
beam 'bump' methods ( l ) o f p a r t i c l e e x t r a c t i o n (see s ec t i on 6 . 2 . 1 ) . 
The s i g n a l f rom a de tec ted p a r t i c l e e x t r a c t e d us ing . the beam 'bump' 
i s made to open a gate f o r a predetermined t ime (say 50jjs) a f t e r a 
s u i t a b l e de lay . The g a t i n g pulse can then be used to ' enab le 1 the 
d e t e c t i o n of a second p a r t i c l e which a r r i v e s ' p a r a s i t i c a l l y * w i t h i n 
t h a t t i m e . I n t h i s way, any f requency may be se l ec t sd by cncsing 
the appropr i a t e g a t i n g d e l a y . The f i n i t e p r o b a b i l i t y t h a t a p a r t i c l e 
w i l l not a r r i v e i n t h i s time means t h a t a g a t i n g pulse l eng th w i l l need 
t o be chosen as a. compromise between event r a t e and f requency p r e c i s i o n . 
The second main problem i s t h a t o f data a c q u i s i t i o n . Al though 
the chamber i s able t o operate a t 1 KHz, read ing and s t o r i n g a l l the 
data onto magnetic d i s k i s imposs ib le by normal methods using a 
convent iona l GAMAC/PDP 11 computer system l i n k e d to the DNPL 360 / l65 
computer ( 2 ) . N o r m a l l y , data f rom an event i s read i n t o the PDP 11 
computer f rom CAMAC and i s then sent as a ' b l o c k ' down a l i n k i n t o a 
b u f f e r s tore before being w r i t t e n onto magnetic disko The b u f f e r 
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s t o r e , i s , however, unable to contend w i t h the f requency o f data 
r e q u i r e d f r o m t h i s exper iment , where a t lKHz,48 1 6 - b i t words are 
t r a n s m i t t e d every 1ms. 
This problem may be solved by s t o r i n g p a i r s o f consecutive 
events and then t r a n s m i t t i n g both sets o f data i n one b l o c k . I n t h i s 
way, data i s r e l a y e d t o the b u f f e r s to re o n l y once every 20ms (the 
c y c l i n g t ime of the a c c e l e r a t o r ) . Working i n t h i s mode, the f requency 
i s l i m i t e d o n l y by the o p e r a t i n g speed o f the CAMAC and PDP 11 computer. 
I f the PDP 11 computer i s programmed i n a low l e v e l language (machine 
code) then i t should be capable o f hand l ing data a t f r equenc ie s i n excess 
of lKHzo 
9 .2 .2 .Energy and S p a t i a l Measurements 
Exper imenta l r e s u l t s ob ta ined w i t h the p ro to type device have shown 
t h a t energy and s p a t i a l r e s o l u t i o n i s dependent on seve ra l geomet r i ca l 
c h a r a c t e r i s t i c s o f the chamber. I n view of these r e s u l t s , a s i m i l a r 
bu t more ex tens ive i n v e s t i g a t i o n i s suggested. The energy and s p a t i a l 
r e s o l u t i o n should be measured as a f u n c t i o n o f i n c i d e n t energy, lead 
t a r g e t t h i ckness and t a r g e t - d e t e c t i n g plane spac ing . 
I n a d d i t i o n t o the conven t iona l method of measuring the energy, 
t h a t i s by coun t ing the number o f shower p a r t i c l e s , s p a t i a l i n f o r m a t i o n 
o f the shower may provide a means of measurement. I f the numbers o f 
de tec ted e l e c t r o n s are l a rge enough then a curve may be f i t t e d t o the 
shower p r o f i l e , the f u n c t i o n of which i s dependent on the i n c i d e n t 
energy (see F igure 7 . l ) . Th i s method, does n o t , however, provide 
a d i r e c t energy measure, but r e q u i r e s computer a n a l y s i s . I n t h i s 
r e s p e c t , the method i s incompat ib le w i t h an exper iment which r e q u i r e s 
f a s t d i g i t i z e d energy i n f o r m a t i o n . A l t e r n a t i v e l y , a separate energy 
d e t e r m i n a t i o n cou ld be made f rom each module independent ly f r o m which 
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a weighted mean value cou ld be c a l c u l a t e d . Such a method i s on ly 
f e a s i b l e i f the numbers o f de tec ted p a r t i c l e s i n each plane are l a rge 
enough not to cause se r ious s t a t i s t i c a l f l u c t u a t i o n s . I t i s u n l i k e l y , 
on t h i s b a s i s , t h a t the method would g ive an improvement i n r e s o l u t i o n 
f o r energies below a few GeV where the number of shower -pa r t i c l e s 
are s m a l l . 
S p a t i a l measurements f rom the p ro to type device i n d i c a t e t h a t 
the s p a t i a l r e s o l u t i o n could, be b e t t e r than + a tube r a d i u s , t h e r e f o r e 
an improved method o f l o c a t i n g the p o s i t i o n o f the i n c i d e n t p a r t i c l e 
should be employed. A m u l t i w i r e p r o p o r t i o n a l chamber o r d r i f t chamber, 
p l a c e d i n f r o n t o f the chamber, cou ld be used t o t h i s e f f e c t , a l though 
the s imples t method i s t o use th ree p l a s t i c s c i n t i l l a t i o n telescope 
d e t e c t o r s connected i n ABC mode, w i t h the centre one having a smal l 
aper tu re through i t . 
9 . 3 . Other Work 
9 . 3 . 1 Fast d e c i s i o n making l o g i c 
I n many nuclear physics experiments i t i s o f t e n necessary o r 
advantageous to have a f a s t e l e c t r o n i c system which i s able to decide 
whether an event i s o f i n t e r e s t . Th is may be impor t an t i n those 
experiments which search f o r r a r e i n t e r a c t i o n s and r e q u i r e the d e t e c t i o n 
o f many thousands of even t s . An e l e c t r o n i c system which i s capable of 
de t e rmin ing whether an event i s cons t ra ined w i t h i n predetermined parameters 
can thus prevent the accumulat ion o f vas t q u a n t i t i e s o f unwanted da t a . 
I n the case of a f l a s h tube gamma chamber, a system which-cou ld d i s c r i m i n a t 
between events o f d i f f e r e n t i n c i d e n t gamma energy be fo re the data i s read 
o r processed i n a computer, would be p a r t i c u l a r l y u s e f u l . Two d i f f e r e n t 
e l e c t r o n i c systems are suggested which may prove t o be va luab le i n t h i s 
respects a f a s t d i g i t a l c i r c u i t which counts the t o t a l number o f i g n i t e d 
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f l a s h t ubes , and an o p t i c a l system us ing a p h o t o r n u l t i p l i e r and f i b r e 
o p t i c s t o i n t e g r a t e the l i g h t pulses f rom each f l a s h tube t o g ive an 
e l e c t r i c a l pulse o f ampli tude p r o p o r t i o n a l t o the number o f i g n i t e d 
tubes . 
A f a s t d i g i t a l c i r c u i t could be dev i sed , us ing TTL l o g i c , t o 
count and compare the t o t a l number o f i g n i t e d f l a s h tubes w i t h a 
predetermined upper and lower l i m i t r ep re sen t i ng the r e q u i r e d energy 
range. I f the number o f i g n i t i o n s l i e s within t h i s range then an 
i n t e r r u p t s i g n a l can be generated which a l l ows the data t o be processed 
and s tored i n the computer. The i g n i t e d tubes may be counted by a 
se r i e s o f s h i f t r e g i s t e r s 5 each one being connected i n p a r a l l e l to the 
memory ' l a t c h ' (see s e c t i o n 8 . 5 ) o f each f l a s h tube-. The data may 
then be counted by s h i f t i n g the s to red l o g i c l e v e l s through each s h i f t 
r e g i s t e r i n t o a b i n a r y coun t ing c i r c u i t . A t r a i n o f pulses t o d r i v e 
the s h i f t r e g i s t e r s would need t o be generated by an o s c i l l a t o r c i r c u i t , 
the frequency being chosen such t h a t a l l the data i s counted w i t h i n a 
s u f f i c i e n t l y sho r t time p e r i o d . The data may be counted w i t h decade coun 
t-Qrs which coupled t o BCD b i n a r y - t o - d e c i m a l converters f o r comparing 
the t o t a l number w i t h two prese t v a r i a b l e numbers vvhich d e f i n e the 
energy range. 
The o the r suggested method, i s an analogue t e c h n i q u e , which i n 
comparison w i t h the above method, w i l l g ive a f a s t response but a t 
the expense o f some loss i n r e s o l u t i o n . This method u t i l i z e s lengths 
o f p l a s t i c l i g h t t r a n s m i t t i n g f i b r e s ( f i b r e o p t i c s ) which o p t i c a l l y 
couple each f l a s h tube t o a s i ng l e p h o t o m u l t i p l i e r o An aper ture f i t t e d 
across the face of the p h o t o m u l t i p l i s r can be ad jus t ed i n s ize u n t i l 
the ou tpu t pulse h e i g h t i s p r o p o r t i o n a l to the t o t a l number o f f l a s h 
tube i g n i t i o n s . This s i g n a l may then be f e d i n t o a d i s c r i m i n a t i o n 
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c i r c u i t t o s e l e c t pulses of the r e q u i r e d magnitudeo 
9.3.2 Monte Carlo Simulations 
A q u a n t i t a t i v e a n a l y s i s of shower development w i t h i n a d e t e c t o r , 
based on a t h e o r e t i c a l model, i s made d i f f i c u l t because of the non-
homogeneity of absorbing m a t e r i a l i n the device and the large number 
of possible i n t e r a c t i o n s between cascade p a r t i c l e s and absorbing 
m a t e r i a l . The use of Monte Carlo techniques, however, may overcome 
t h i s d i f f i c u l t y - , by s i m u l a t i n g i n d i v i d u a l showers by random i n t e r a c t i o n ' 
generation and a knowledge of the i n t e r a c t i o n cross-sections as^a 
f u n c t i o n o f . i n c i d e n t energy and absorbing m a t e r i a l . Shower s i m u l a t i o n 
i n a homogeneous media has been proved f e a s i b l e (3) and has shown good 
agreement w i t h experimental r e s u l t s (4,5)o I t i s not unreasonable, 
t h e r e f o r e , t o assume t h a t s i m i l a r computations can be performed f o r 
nonhomogeneous systems which might c o n s t i t u t e a f l a s h tube chamber. 
Such c a l c u l a t i o n s w i l l probably r e q u i r e more computing t i m e , but w i l l 
n o t , n e c e s s a r i l y , be more complexo Several s i m p l i f y i n g and time saving 
approximations could be used; f o r example the chamber c o n s t r u c t i o n could 
be approximated t o a series of l e a d - a i r gaps, the glass tube and aluminium 
el e c t r o d e m a t e r i a l being ignored. 
Computer simu l a t i o n s of t h i s type would be of p a r t i c u l a r value f o r 
a i d i n g the design of f l a s h tube chambers. A Monte Carlo computer 
program, v e r s a t i l e enough t o cope w i t h varying geomatrical parameters, 
could be used to optimize the chamber d e t e c t i n g geometry i n terms o f 
t a r g e t t h i c k n e s s , distance between d e t e c t i n g planes, number of d e t e c t i n g 
planes, f l a s h tube diameter and l a t e r a l dimensions!. Other methods of 
measuring the i n c i d e n t energy and t r a j e c t o r y may be t e s t e d using simulated 
data t o o , w i t h o u t having t o i n s t a l l a chamber i n an a c c e l e r a t o r beam. 
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9.3.3 Experiments w i t h Photons 
A l l the experiments described i n previous chapters have used 
e l e c t r o n o r p o s i t r o n beams t o simulate gamma induced showers. The 
use of a charged p a r t i c l e beam i s advantageous because the p o s i t i o n 
and momentum of i n d i v i d u a l p a r t i c l e s are e a s i l y determined w i t h 
conventional a u x i l a r y d e t e c t o r s . Nevertheless, s i m i l a r experiments 
using gamma rays of known energy and t r a j e c t o r y would be valuable 
f o r comparison, and would give some measure of discrepency f o r the 
determined energy and s p a t i a l r e s o l u t i o n . 
Experiments of t h i s k i n d would necessitate the use of a tagged 
photon beam where gamma rays are produced from the bremsstralung 
i n t e r a c t i o n of e l e c t r o n s w i t h a t a r g e t . The energy of a photon, produced 
by t h i s method, i s c a l c u l a t e d by measuring the d i f f e r e n c e between the 
i n c i d e n t and sc a t t e r e d e l e c t r o n energy using two bending magnets and 
m u l t i w i r e p r o p o r t i o n a l chambers. ( 6 ) . A beam of photons, produced i n t h i s 
way, w i l l not be monoenergetic, t h e r e f o r e the kinematic i n f o r m a t i o n 
from the p r o p o r t i o n a l chambers w i l l need t o be stored together w i t h 
the f l a s h tube data a f t e r each event. 
T r i g g e r i n g the f l a s h tube chamber on photons w i l l r e q u i r e a 
s c i n t i l l a t i o n d e t e c t i o n system d i f f e r e n t from t h a t used w i t h charged 
p a r t i c l e s o Photons w i l l not t r i g g e r a p l a s t i c s c i n t i l l a t o r coincidence 
arrangement, t h e r e f o r e the photon w i l l need t o be detected a f t e r i t s 
i n t e r a c t i o n w i t h t a r g e t m a t e r i a l i n the chamber. A large p l a s t i c 
s c i n t i l l a t o r counter placed before the chamber and connected i n 
anticoincidence w i t h s c i n t i l l a t i o n counters placed i n s i d e the chamber 
w i l l ensure t h a t the device i s t r i g g e r e d by n e u t r a l p a r t i c l e s only. 
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C H A P T E R T E N 
COtC LUSION 
Accelerator experimentation has been responsible f o r the r a p i d 
development of a wide range of p a r t i c l e d e t e c t o r s and has produced 
many new forms of tr a c k l o c a t i n g instruments. The development of 
the e l e c t r i c a l l y pulsed d e t e c t o r s , i n p a r t i c u l a r , has been i n t e n s i f i e d 
by the advent of the e l e c t r o n i c counter experiment. One exception 
i n t h i s category i s the f l a s h t u b e , which despite i t s many advantages 
and p o t e n t i a l a p p l i c a t i o n s has been l i m i t e d t o cosmic ray physics 
by undesirable o p e r a t i n g c h a r a c t e r i s t i c s . The work r e p o r t e d i n t h i s 
t h e s i s has described the development of a new type of f l a s h tube 
which has overcome these d i f f i c u l t i e s and has c h a r a c t e r i s t i c s s i m i l a r 
t o other e l e c t r i c a l l y pulsed d e t e c t o r s . 
Two parameters have been of p r i n c i p l e concern : the s e n s i t i v e 
time which i s r e q u i r e d t o be short f o r operating i n a f l u x o f background 
r a d i a t i o n , and the recovery time which becomes important when data i s 
re q u i r e d a t f a s t r e p e t i t i o n r a t e s . These parameters have been s u b s t a n t i a l l y 
improved by the a p p l i c a t i o n o f an a l t e r n a t i n g e l e c t r i c c l e a r i n g f i e l d 
and the use of s p e c i a l gas mixtures t o give c h a r a c t e r i s t i c s i n excess 
of the requirements of many a c c e l e r a t o r experimentso By these methods 
-2 
the s e n s i t i v e time has been reduced by a f a c t o r of approximately 10 
t o a few microseconds and the recovery time by a f a c t o r o f approximately 
10 t o a m i l l i s e c o n d or l e s s . Experiments using the DNPL a c c e l e r a t o r . 
have helped v e r i f y t h e i r s u i t a b i l i t y f o r ope r a t i n g under a c c e l e r a t o r 
c o n d i t i o n s and have shown the device capable of e f f i c i e n t d e t e c t i o n 
t o frequencies of a t l e a s t 50Hz. Furthermore, the d i g i t i z a t i o n technique 
has been shown t o be compatible w i t h conventional computer data a c q u i s i t i o n 
systems wit h o u t the necessity of a m p l i f i e r i n t e r f a c i n g e l e c t r o n i c s . 
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. The o b j e c t i v e of t h i s work was not t o develop a device which 
completely supercedes other d e t e c t o r s j i t s aim i n s t e a d was t o complement 
them with-a s p e c i a l i z e d d e v i c e , and show'where " i t s p r o p e r t i e s can be 
e x p l o i t e d t o best a f f e c t . I n comparison w i t h other e l e c t r o n i c a l l y 
pulsed chambers the f l a s h tube has three features which commend i t ; 
l a rge s e n s i t i v e volumes can be constructed a t low c o s t , d i g i t i z a t i o n 
i s simple and inexpensive, and due t o i t s elemental s t r u c t u r e i f has 
a high m u l t i t r a c k e f f i c i e n c y . I n view of these p r o p e r t i e s and the 
f u t u r e needs of high energy physics, the device has been i n v e s t i g a t e d 
as a means of d e t e c t i n g high energy photons. Results from t h i s study 
have v e r i f i e d the usefulness of the device f o r measuring the energy 
and t r a j e c t o r y of photons, and i n d i c a t e t h a t very large f l a s h tube 
chambers can be b u i l t w i t h superior r e s o l u t i o n and a t a f r a c t i o n of 
the cost of conventional techniques. Experiments using the prototype 
device w i t h the DNPL a c c e l e r a t o r e + beam gave an energy r e s o l u t i o n a t 
1 GeV/c of + 18/o (FWHM) and angular r e s o l u t i o n of about + 2°. These 
r e s u l t s are encouraging because , despite the device being constructed 
w i t h large diameter tubes and of small o v e r a l l dimensions, the r e s o l u t i o n s 
are superior t o those obtained w i t h many conventional methods of d e t e c t i o n . 
I n f o r m a t i o n gained from experiments w i t h the prototype chamber have 
enabled a l a r g e r v e r s i o n to be b u i l t w i t h smaller diameter tubes, which 
should give an improved energy and s p a t i a l r e s o l u t i o n and be capable 
of operation a t r e p e t i t i o n r a t e s up t o IKHz. Successful o p e r a t i o n o f 
the chamber a t t h i s frequency would i l l u s t r a t e the p o t e n t i a l of the device 
f o r most large gamma d e t e c t i n g systems envisaged i n the near f u t u r e a t 
high energies. The new chamber i s due to be i n s t a l l e d i n the DNPL e + 
beam e a r l y i n 1975* 
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A P P E N D I X I _ 
MEASUREMENT OF THE DECAY TIME OF INTERNAL 
CLEARING FIELDS IN 1.9cm DIAMETER FLASH TUBES 
I n t e r n a l l y produced c l e a r i n g f i e l d s are the r e s u l t of charges 
being separated d u r i n g the a p p l i c a t i o n of the impulsive e l e c t r i c f i e l d 
and remaining on the glass surface f o r a f i n i t e time. The f i e l d w i l l 
decay by the conduction of charges e i t h e r across the glass surface 
or through the glass volume w i t h a time constant which depends on the 
r e s i s t i v i t y of the glass and the capacitance of the f l a s h tube. A 
measurement of t h i s time constant was made possible by i n v e s t i g a t i n g 
the dependency of the d e t e c t i n g e f f i c i e n c y upon the frequency of an 
e x t e r n a l l y a p p l i e d c l e a r i n g f i e l d . 
The f i e l d produced i n s i d e a f l a s h tube w i l l not f o l l o w the p e r f e c t 
square wave form of an e x t e r n a l l y a p p l i e d f i e l d , but instead w i l l decay 
due t o the tubes i n t r i n s i c c a p a c i t y . The e f f e c t i v e c l e a r i n g f i e l d i s 
thus reduced, p a r t i c u l a r l y when low frequencies are used. Figure A l 
shows the e x t e r n a l square wave f i e l d and the decayed f i e l d produced 
i n s i d e the tube. The diagram also shows the e f f e c t i v e square wave 
f i e l d , which i s de f i n e d t o give the same d e t e c t i n g e f f i c i e n c y as the 
app l i e d f i e l d -
For the same d e t e c t i n g e f f i c i e n c y the e f f e c t i v e square wave f i e l d 
must remove an equal number of e l e c t r o n s i n one period as the i n t e r n a l 
f i e l d o . This leads t o the c o n d i t i o n : -
Udt ULT 1 
where U i s the v e l o c i t y of e l e c t r o n s i n neon 
i s the e f f e c t i v e constant v e l o c i t y of e l e c t r o n s i n neon 
T i s t h e h a l f p e r i o d (defined i n Figure A l ) 
X — 
now, f o r e l e c t r o n s U = K ( - ) 2 
"5 
2 
2 
6» 
3 
5 5 
a 
cr 
X3 ° >• 
.£! „, t> 
e 
o 
e 
9 
O 
c 
u 
> 
.c 
c o 
Ci 
C 
< 
g 
110 
and X = ^ 
where K i s the e l e c t r o n m o b i l i t y 
X i s the f i e l d s t r e n g t h 
P i s the gas pressure 
V i s the voltage 
d i s the tube i n t e r n a l diameter 
thus5 f o r constant P and d 
U = AV S 2 
where A i s a constant 
s u b s t i t u t i n g (2) i n ( l ) gives 
AV 2 d t = AV^2T 3 n o 
I f i t i s assumed t h a t the f i e l d i n s i d e the tube decays e x p o n e n t i a l l y 
then 
- t / r 
V = M e . 4 
where T i s the e x p o n t e n t i a l decay constant 
s u b s t i t u t i n g (4) i n (3) gives 
t/4 JL JL 
( V ^ ) 2 d t = V E aT 
t h e r e f o r e V r^ = 2 V 1 ~ T ( l - " e 1 ^ 2 T ) 5 
A l s o , f o r a square wave f i e l d of high frequency (where T < < T ) w h i c h gives 
the same d e t e c t i n g e f f i c i e n c y as the e f f e c t i v e square wave f i e l d o f low 
frequency (where T >.- T) we may w r i t e 
. X o = *E 
and f o r constant d and P 
o E 
I 
I l l 
where X q i s the s t r e n g t h o f the high frequency f i e l d 
i s the e f f e c t i v e s t r e n g t h of the low frequency 
applied f i e l d 
V q i s the a p p l i e d voltage of the high frequency f i e l d . 
t h e r e f o r e from ( 5 ) , f o r the same d e t e c t i n g e f f i c i e n c y we have 
JL 
1 1 2 V 2 T T A T — 
vo*" = V 2 = ~ T ~ & - E y 6 
Thus, a p l o t of (--) against Op3-) gives a u n i v e r s a l curve f o r a l l 
_ 1 
frequencies and f i e l d magnitudes» 
Figure A2 shows the e f f i c i e n c y versus c l e a r i n g f i e l d frequency 
measured f o r a 2.9v(peak) cm ^ square wave f i e l d a t 100°Co These 
r e s u l t s show that, the f i e l d i s t r a n s m i t t e d f o r frequencies greater than about 
20Hz w i t h o u t s i g n i f i c a n t a t t e n u a t i o n . This<graph was'^used'to provide values 
of T i n equation ( 6 ) . Figure A3 shows the v a r i a t i o n o f e f f i c i e n c y 
w i t h c l e a r i n g f i e l d s t r e n g t h f o r a square f i e l d o f 50Hz a t 100°C. This 
graph was used to provide the values of V i n equation ( 6 ) . 
° V o + 2T Figure A£ shows the t h e o r e t i c a l curve of ( r 7 ~ ) 2 versus =— and the 
1 
experimental p o i n t s using values taken from Figures A2 and A3„ A good 
f i t t o the t h e o r e t i c a l curve i s found by t a k i n g the decay constant 
of a f l a s h tube x'= 6lmS. The agreement between theory and experiment 
would i n d i c a t e t h a t the assumption t h a t the. f i e l d decays by'an :exponential 
mechanism i s . ' j u s t i f i e d . 
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CALCULATION OF THE NUMBER OF PARTICLES 
REMAINING I N A CYLINDRICA_L_CAVITY WHEN DIFFUSION 
I S THE ONLY REMOVAL MECHANISM 
The d i f f u s i o n o f an ensemble of p a r t i c l e s i n a closed system 
i s described by the d i f f u s i o n equation 
A + £ = 0 (1) 
where p i s the d e n s i t y of p a r t i c l e s a t a point 
D i s the d i f f u s i o n c o e f f i c i e n t 
x i s a time constant d e s c r i b i n g the decay. 
The s o l u t i o n f o r p i s an eigenvalue problem whose s o l u t i o n depends 
on the geometry of the container and appropriate boundary c o n d i t i o n 
For a c y l i n d r i c a l c a v i t y of radius TQ and heigh t H 
the equation becomes 
i + l i e i 1 - l p + - i - p + -p- = o 
Assuming symmetry about the a x i s and no dependence on the azimuth 
angle £> t h i s reduces t o 
2 
i 1 an a r ^ n n 
3 r 2 r * <£ 2 D T 
By the separation of v a r i a b l e s and applying the boundary condition.'; 
p =0 f o r r = 0 and Z = + H/2, the s o l u t i o n i s given by 
~ ~ ( 2 I - I ) T C T 
p ( r , z , t ) 2-i 2 J G-• J o ( a . r ) cos H exp( ) • • • 
i = l j = l 1 J 1 T i j 
where Jo i s the zero order Bessel f u n c t i o n 
a. r i s the i t h r o o t of Jo 1 o 
and the decay time i s given by 
113 
T . . = l/D[ a \ + ( f e j - l h / H ) 2 ] (3) 
Equation (2) shows the d i f f u s i o n t o be represented by a cos f u n c t i o n i n 
the l o n g i t u d i n a l d i r e c t i o n and a Bessel f u n c t i o n i n the r a d i a l d i r e c t i o n . 
This s o l u t i o n can be s i m p l i f i e d i f a l l decay modes except the fundamental 
are neglected. Thus, equation (2) becomes 
p ( r , z , t ) = p ( r , z , t ) Jo ( 2 " ^ 0 j r ) cos — exp (- ~ ) ...(4) 
o r o 11 
and from (3) 
T . L / B [ p&Lf. + ( 3 ) 2 ] ( 5 ) 
o 
The number of p a r t i c l e s dN a t a time t i n any element volume 
dV i n s i d e the c y l i n d e r i s given by 
d N ( r , z , t ) = P ( r s Z j t ) rd9.dr.dz. 
and i f the s i m p l i f y i n g assumption i s made t h a t a t t = 0,p ( x , z , t ) i s ' o 
a constant, then from (4) 
d N ( r , z , t ) = P Q J q ( 2 , ^ 0 5 r ) cos ^ ~ exp ( - ) r d G . d r . d z . 
o T 11 
thus the t o t a l number of p a r t i c l e s a t a given time i s given by . 
H/2 r 2TT 
N ( t ) = 2 % / f J J q ( 2 i ^ ) cos exp ) rd9.dr.dz 
o 11 
o 0 0 
g i v i n g 
N ( t ) = 2 . 4 p o r o 2 H e X p { - t D [ ( a ^ ) 2 + ( 2 f ] } 
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THE DATA ACQUISITION PROGRAM 
The program c o n t r o l l i n g the PDP 11 ( l 6 l ( ) computer and CAMAC 
efcctrcnics had f i v e main f u n c t i o n s 
(].) t o read data from the e i g h t 16 b i t memory r e g i s t e r s 
( P a t t e r n u n i t s type 16P 2007.). 
(2) t o store the data a f t e r each event i n the computer 
memory core. 
(3) t o disable a l l a c t i v e CAMAC electronics u n t i l the data 
had been processed by the computer© 
(4) t o d i s p l a y the data before being t r a n s f e r r e d t o 
paper tape. 
( 5 ) t o t r a n s f e r the data to paper tape when the computer 
core store was f u l l . 
Figure A5 shows a schematic diagram of the data a c q u i s t i o n g i v i n g 
the most important elements of the CAMAC system. Pulses from each 
f l a s h tube were used t o set vcltage l e v e l s i n P a t t e r n u n i t s (type 
16P 2007) during a time determined by a ga t i n g sigrmlo A binary number 
r e g i s t e r was also included t o l a b e l each set of data w i t h a predetermined 
number. This number was read before each block of data* The data 
contained i n the P a t t e r n u n i t b and binary number r e g i s t e r was read i n t o 
the computer core store upon r e c e i p t of an i n t e r r u p t s i g n a l generated 
by e x t e r n a l t r i g g e r i n g l o g i c Consecutive events wire stored u n t i l the 
computer core store was f u l l j whereupon the system was paralaysed and 
the date, displayed on a 'V i s t a ' t e l e t y p e t e r m i n a l before being t r a n s f e r r e d 
t o vpaper tape. 
A computer program was w r i t t e n t o perform the above process i n the 
CAT I I language (a modified form of the BASIC computer language developed 
a t DMPL)o Figure A6 shows a f l o w diagram d e s c r i b i n g the program* 
8. 
r 
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C-J 
CD C a. 
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in 
CJ 
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O CJ 
E w •4J 
• f i CO cn 
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interrupt 
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data transfer 
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data transfer 
. command o 
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A6 the computer program flow diagram 
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